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ANNOTATION 

In the dynamic intersect ion of Geoinformat ics a n d 3 D pr in t ing , the explorat ion of 
mul t i co lour 3 D geovisual isat ions emerges as a c ruc i a l area of research. T h i s d ip l oma 
thes is a imed to investigate a n d evaluate the potent ia l for creat ing mul t i co lour 3D 
geovisual isat ions u s i n g F u s e d F i lament Fabr i ca t i on type 3 D pr inters a n d associated 
tools. To achieve th i s a im, the objectives inc luded the prepara t ion o f t en models of vary ing 
complexi ty to test the capabi l i t ies of the available mul t i co lour p r in t ing equipment i n the 
3 D Laboratory of the Department of Geoinformat ics at Palacký Univers i ty O lomouc, the 
development a n d opt imisat ion of p r in t ing parameters for achiev ing h igh-qual i ty pr in ts , 
a n d the creat ion of a comprehensive mul t i co lour 3 D p r in t ing booklet for knowledge 
d i sseminat i on w i t h i n the department. Addi t ional ly , the s tudy a imed to assess the 
env i ronmenta l impact of mul t i co lour 3 D pr in t ing , par t i cu lar ly focusing o n waste mater ia l . 
The da ta used to create the mode ls i n th i s research was acquired from the Copern i cus 
L a n d Mon i to r ing Service, OpenStreetMap, A R C D A T A P R A H A a n d other sources. The da ta 
was processed u s i n g ArcGIS Pro a n d QGIS a n d then 3 D model l ing was carr ied out i n 
p r imar i l y i n Ske tchUp. Other tools s u c h as 3 D Bu i lde r a n d Autodesk Netfabb were used 
for edi t ing the models to make them ready for pr in t ing . The models were configured a n d 
sl iced i n PrusaSl i cer , Canvas a n d B a m b u Studio to create the G-code for pr in t ing . The 
models were pr in ted u s i n g the P r u s a i3 M K 3 S , Palette 3 Pro, B a m b u P I S , B a m b u A M S 
a n d P r u s a X L . Post-processing steps were carr ied out to refine the f ina l products . User 
test ing was conducted to ga in va luable feedback a n d assess the qual i ty of the models. 
The resu l ts of w h i c h were cr i t ica l ly reviewed a n d implemented where possible. Adobe 
InDesign a n d other Creative C l o u d tools were u s e d to des ign the booklet document ing 
the key steps i n the research. The f ina l output of the d i p l oma thesis i nc luded 
14 mul t i co lour 3 D geovisual isat ions a n d a corresponding booklet document ing the key 
ins ights ga ined throughout the research. Based on the equipment tested, the P r u s a X L 
was the most efficient at p roduc ing the models, however, the cost of the pr inter may be 
prohibit ive. The use of a mul t i -mate r i a l add-on to a single extruder pr inter provides a 
good balance between pr ice a n d funct ional i ty , w i th a signif icant increase i n waste and 
pr in t t ime. However, th i s opt ion offers the best va lue a n d is more l ike ly to be adopted 
by a wider audience. 
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INTRODUCTION 
In a n era of technological advancement a n d carry ing a "computer " i n your pocket, 3D 

pr in t ing s t i l l awes the general onlooker. The 3 D pr in t ing landscape has cont inued to 
evolve s ince i ts in t roduc t i on i n the 1980s a n d more recent popu lar i sa t i on i n the 2010s . 
Innovat ion has been at the core of 3 D pr in t ing , evidenced by i ts roots i n the prototyping 
indust ry . The technology, however, has not been l imi ted to a single indus t ry bu t h a s h a d 
cross-cut t ing uses i n heal thcare, automotive, manu fac tur ing a n d m a n y more. One of the 
notable areas where the technology h a s been appl ied i s the representat ion of geospatial 
in format ion, a field that h a s t radi t ional ly been conf ined to paper a n d dig i ta l maps . 
Researchers over the years have appl ied 3D pr in t ing technologies to a variety of 
geospatial-related fields s u c h as cartography, geomorphology, educat ion, u r b a n p l ann ing 
a n d archaeology (Brus 8s Barvíř, 2015 ; Horowitz 8s Schul t z , 2014; Santamaría-Peňa et 
a l . , 2023 ; W a b m s k i 8s K u z m a , 2017 ; Zw i row i c z -Rutkowska et a l . , 2023). However, the 
u t i l i sa t i on of 3 D p r in t ing i n the geospatial i ndus t r y r ema ins relatively low. 

One of the m a n y innovat ions i n 3 D p r in t ing h a s been p r in t ing models w i t h mul t ip le 
co lours. T h i s advancement h a s t r i ck l ed down to consumer-grade 3 D pr inters that are 
more accessible to the pub l i c . U s i n g Fused F i lament Fabr ica t ion , the most popular of the 
3 D p r in t ing technologies, mul t i co lour p r in t ing is achievable at a relatively low cost of 
entry. V i r t u a l 3 D mode ls benefit f rom be ing interactive a n d easily customisable . Whereas 
phys i ca l 3 D pr in ted models are static, and , i n the past, the majority have been restr icted 
to a single co lour or a few co lours d i s t r ibuted vertical ly. Phys i ca l 3 D models have been 
proven to a i d i n m a k i n g geospatial da ta more accessible, unders tandab le a n d engaging 
(Heidkamp 8s S lomba, 2017). Therefore, hav ing colour d is t r ibuted hor izonta l ly a n d 
vert ical ly i s a n impor tant factor i n achiev ing greater u t i l i sa t i on of 3 D models as co lour is 
a n impor tant graphic variable i n geovisual isat ion. Mul t i co lour 3 D p r in t ing u s i n g low-cost 
F F F technology enhances the potent ia l geospatial app l icat ions of 3 D pr int ing . 

The app l i ca t ion of mul t i co lour F F F p r in t ing to create complex geov isual isat ions is a n 
unders tud i ed area as i n most cases, equipment avai labi l i ty i s a challenge. The 
Department of Geoinformat ics at Palacký Univers i ty O lomouc is un ique i n that i t 
has a 3 D Lab w i t h exist ing a n d new equipment that c a n take fu l l advantage of mul t i co lour 
F F F pr in t ing . T h i s research i s exploratory a n d seeks to test the potent ia l of the cut t ing-
edge technology a n d equipment avai lable i n the lab. Fur thermore , the d ip l oma thes is was 
designed to b l end Geoinformatics, Cartography a n d Addit ive Manu fac tur ing to examine 
a n d evaluate the poss ib i l i t ies inherent i n mul t i co lour 3 D pr int ing . 

Beyond the t echn ica l aspects, th i s thes is explores the opportuni ty for m a k i n g more 
m a p s inc lus ive a n d accessible. Users have t radi t ional ly interacted w i t h maps on paper 
a n d a screen; hence map des ign needs to be adjusted for tacti le usage. B y engaging w i th 
end-users directly, the s tudy a ims to ensure that the f ina l mode ls exceed the needs and 
expectat ions of i t s diverse user base. The explorat ion of the possibi l i t ies to create 
mul t i co lour 3D-pr in t ed geovisual isat ions w i l l facil itate knowledge d i sseminat i on w i t h i n 
the department a n d serve as a guide for 3 D p r in t ing enthusiasts . 
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1 OBJECTIVES 
The overarching a i m of the d ip l oma thes is i s to explore, examine a n d evaluate the 

possib i l i t ies of mul t i co lour 3 D geovisual isat ions, p r imar i l y focused on Fused F i lament 
Fabr i ca t i on (FFF)-type 3 D pr inters a n d compat ib le tools avai lable i n the 3 D Laboratory of 
the Department of Geoinformat ics (KGI) at Palacký Univers i ty O lomouc (UPOL). The s tudy 
w i l l examine var ious approaches to comb in ing f i lament co lours i n complex models of 
more t h a n two co lours d is t r ibuted hor izonta l ly a n d vertically. To achieve the a im , the 
specific sub-goals of the s tudy are: 

• To prepare 10 mode ls (with vary ing complexity) to test the avai lable mul t i co lour 
p r in t ing equipment. 

• To develop a n d opt imise p r in t ing parameters a n d processes for achieving 
h igh-qual i ty F F F mul t i co lour pr ints . 

• To create a mul t i co lour 3D p r in t ing booklet for use i n the department showcas ing 
the p r in t ing resu l ts a n d lessons learnt. 

• To assess the env i ronmenta l impact of mul t i co lour 3 D p r in t ing (focused on waste 
material). 

B y creat ing impact fu l mul t i co lour 3 D geovisual isat ions, the resu l ts of the work w i l l 
have two benef ic ial categories. F irst ly , the models created w i l l have the potent ia l to be 
appl ied i n areas s u c h as educat ion (to teach complex topics), u r b a n p lann ing , a n d use i n 
the v isua l ly impa i r ed communi ty . Secondly, the methods tested a n d ut i l i sed c a n be 
reproduced by other researchers or the pub l i c to create models for persona l or pub l i c use. 

11 



2 STATE OF ART 
Th i s chapter reviews the foundat iona l backg round of 3D p r in t ing to unde r s t and i ts 

or ig ins a n d development. The second sect ion looks at the methods of 3D pr in t ing 
w i th a par t i cu lar focus on fused f i lament fabr icat ion, w h i c h i s the p r imary technology to 
be appl ied i n th i s study. Fur thermore , relevant research i s evaluated concern ing the 
app l i ca t ion of 3 D p r in t ing i n geovisual isat ion, w i t h specia l at tent ion to mul t i co lour 
pr in t ing . The end goal of th i s review is to assess how a n d to what extent mul t i co lour 3D 
pr in t ing has been used i n the geospatial i ndus t r y a n d academic research to a i d i n i ts 
future development. 

2.1 History of 3D Printing 
3D pr in t ing i s a n addit ive manu fac tu r ing technique that h a s i ts or ig in i n rap id 

prototyping. Accord ing to the ISO s tandard , I S O / A S T M 52900 :2021 , additive 
manu fac tur ing (AM) i s a technology that creates phys i ca l objects by the successive 
add i t ion or deposi t ion of mater ia l ( International Organiza t ion for S tandard iza t ion , 2021). 
In that regard, 3D pr in t ing uses three-d imens iona l dig i ta l models to b u i l d phys i ca l objects 
by the deposi t ion of layers of a mater ia l (Bozkurt & Karayel , 2 0 2 1 ; Manoj P rabhakar et 
a l . , 2 0 2 1 ; Ngo et a l . , 2018). S ince i ts invent ion, 3D p r in t ing has been ut i l i sed i n indust r i es 
s u c h as manufac tur ing , aviat ion, medic ine a n d the automotive indus t ry (Prince, 2014). 
Some of the m a i n benefits of th i s technology inc lude flexible design a n d customisat ion , 
manu fac tur ing of complex s t ructures , m in im i sa t i on of waste a n d fast on-demand 
produc t i on (Ngo et a l . , 2018). These benefits a n d the g radua l increase i n access to the 
technology s ince i ts invent ion have contr ibuted to the popular i ty of 3 D p r in t ing i n the 
past years. 

The h is tory of 3 D p r in t ing dates back several decades. In 1945, M u r r a y Leinster 
descr ibed the general concept of 3 D p r in t ing i n h i s short story, "Things Pass By " (Turney, 
2021). Mov ing ahead to 1983, Char l e s H u l l p r in ted the first 3D-pr in t ed par t (shown i n 
Figure l a below) a n d i n 1984 he f i led a patent for a n A p p a r a t u s for Product ion of Three-
D imens i ona l Objects by Stereol ithography' . H u l l also created the stereol i thography (STL) 
file format, d ig i ta l s l i c ing a n d in f i l l methods that r ema in i n use i n mode rn 3D pr int ing . In 
1986, H u l l co- founded the company, 3D Systems Corporat ion, a n d i n 1987 the company 
released the first commerc ia l 3 D pr inter (shown i n Figure lb ) , the SLA-1 
Stereol i thography pr inter (3D Systems, 2017). The pr inter made it possible to fabricate 
complex par ts i n a fract ion of the t ime compared to t rad i t iona l methods. Even though 
other researchers a n d companies h a d patents descr ib ing 3 D pr in t ing methods, H u l l was 
the inventor of the first commerc ia l 3 D pr inter a n d was credited w i t h invent ing 3D 
pr in t ing (Prince, 2014). 

Figure 1 a) First 3D-printed part by Charles Hull, b) First commercial 3D printer, SLA-1. 
Source: 3D Systems (2017) 
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2.2 3D Printing Methods 
There are several different methods a n d mater ia ls used i n 3 D pr int ing . Some of these 

3D p r in t ing methods inc lude stereol i thography (SLA), fused f i lament fabr icat ion (FFF) or 
fused deposi t ion mode l l ing (FDM), l amina ted object manu fac tu r ing (LOM), polyjet, 
selective laser s inter ing (SLS), selective laser me l t ing (SLM) a n d electron beam selective 
mel t ing (EBSM) (Manoj P rabhakar et a l . , 2 0 2 1 ; Pr ince, 2014). These methods fal l under 
the seven m a i n categories of additive manufac tur ing , as shown i n Figure 2, f rom the ISO 
standard , I S O / A S T M 52900 :2021 . Figure 3 shows a v i sua l i sa t i on of how these categories 
are differentiated by the mater ia l u s e d a n d how the layers are processed. Hence, the 
desired use case a n d propert ies of the mode l m u s t be considered w h e n selecting the 
correct p r in t ing method. The mater ia ls that c a n be u s e d i n 3 D pr in t ing vary from 
polymers, ceramics , metals, a n d composites. Po lymers const i tute the largest proport ion 
of mater ia l that i s used at present a n d histor ica l ly , i t was the first mater ia l group to be 
used for 3D pr int ing . The most frequently used po lymers inc lude poly lact ic ac id (PLA), 
res in , po lycarbonates (PC), acrylonitr i le butadiene styrene (ABS) a n d po lyamides (Bozkurt 
& Karayel , 2021). 

Material Extrusion (ME) Vat Photopolymerization (VPPM) 

Continuous liquid 

Interface production 

Computed Axial Lithography 

Laminated Object 

Manufacturing 

Electron Beam 
Deposition Modeling 

Drop-on-demand Inkjet 

Figure 2 Breakdown of 3D printing methods by ISO categories. Source: Yuan et al. (2021) 
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Figure 3 Overview of 3D printing categories showing how the layers are processed. Source: 
Perrot & Amziane (2019) 
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2.2.1 Fused Filament Fabrication 
Current ly , the most popular of the 3D pr in t ing methods i s F D M or F F F . F D M a n d F F F 

bo th refer to the same method of 3D pr in t ing . The F D M technology was developed by 
S. Scott C r u m p i n 1988 a n d patented i n 1989 (Jimenez et a l . , 2019). The technology was 
commerc ia l i sed by h i s company, Stratasys Inc., a n d they marke ted their first F D M printer 
i n 1992. Stratasys Inc. also t rademarked the abbreviat ion " F D M " . The t e rm F F F was 
created by the members of the RepRap project, a network of DIY 3 D pr inter developers 
a n d users , to be synonymous w i t h F D M bu t a l low for unrest r i c ted use by the pub l i c 
(Jones et a l . , 2011). 

F F F is a mater ia l ex t rus ion system that lays down polymer mater ia l to 
create a phys i ca l object. The technology i s very versati le a n d c a n be used for m u l t i -
mater ia l a n d mul t i co lour pr in ts . In the F F F process, a polymer f i lament i s fed 
into a computer-contro l led heated pr in t head. The feed rol lers gr ip the f i lament a n d 
ensure a con t inuous flow of mater ia l into the pr in t head. The mater ia l t h en passes 
th rough a barre l w h i c h serves as a divider between the hot a n d the co ld par ts of the pr in t 
head to prevent the f i lament from expanding a n d gett ing s tuck ins ide the p r in t head. Th i s 
part i s usua l l y designed as a heat s i n k w i t h a cool ing fan at tached (Shaqour et a l . , 2021). 
The f i lament i s then heated s l ight ly above i ts me l t ing po int into a semi-mol ten state as it 
passes th rough the heat ing b lock a n d the heated nozzle. The mater ia l i s f inal ly deposited 
onto the b u i l d plate i n successive layers a long the ex t rus ion p a t h to form the required 
object. The technology also al lows for the creat ion of support s t ruc tures w h e n creat ing 
more complex objects. Where suppor ts are needed, the 3D pr inter deposits a removable 
mater ia l that serves as a frame whose purpose is to give the object a s t ruc ture u p o n 
w h i c h to be pr in ted (Griffey, 2014; S h a h r u b u d i n et a l . , 2019). The F F F process a n d 
extruder system are s h o w n i n Figure 4 below u s i n g a two-f i lament p r in t ing setup, w i th 
the orange f i lament be ing used to pr in t removable suppor t s t ructures . 

Figure 4: Fused Filament Fabrication (FFF) process. Source: Elkaseer et al. (2020) 
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The process of F F F p r in t ing (or any type of 3 D printing) follows a series of four m a i n 
steps to produce the f ina l pr in ted object. These steps inc lude model l ing , s l ic ing, pr in t ing , 
a n d post-process ing (shown i n Figure 5 below). The model l ing workf low starts w i t h the 
design of the 3 D mode l u s i n g any 3 D mode l l ing software s u c h as A u t o C A D , So l idWorks , 
Ske t chUp or Blender . The mode l i s then exported to a 3D pr in t ing file format s u c h as STL 
or 3 M F w h i c h are identi f iable by the " . s t l " a n d " . 3 m f file extensions respectively. The STL 
file format i s the indus t r y s tandard for 3 D pr in t ing a n d stores the surface geometry 
of a 3 D object as a tessel lat ion of tr iangles (K r i shnanand & Tauf ik , 2021). In the s l i c ing 
process, the STL or 3 M F file i s impor ted into a s l i c ing software s u c h as PrusaSl icer , 
U l t imaker C u r a or Sl ic3r . In th i s software, the file i s s l iced into m a n y layers a n d the 
amount of f i lament needed for the pr in t i s ca lculated. Other parameters s u c h as suppor t 
s t ructures , layer th ickness , in f i l l a n d b u i l d or ientat ion c a n be conf igured i n the s l i c ing 
software. After s l ic ing, the software generates a G-code that determines the movement 
a n d speed of the ex t rus ion nozzle. The p r in t ing step starts by up load ing the G-code file 
to the 3D pr inter a n d ca l ibrat ing the pr inter . A s h ighl ighted i n the 3 D pr in t ing review 
paper by Gokhare et a l . (2017) a n d m a n y other researchers a n d professionals, the 
pr in t ing t ime varies based on the parameters set i n the s l i c ing software a n d the size a n d 
complexity of the model . After the p r in t ing i s completed, post-process ing steps c a n be 
conducted s u c h as the removal of suppor t s t ruc tures a n d smooth ing the object by 
sand ing or po l ish ing. 
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Figure 5 3D printing process. 

2.2.2 Advantages and Disadvantages of FFF 
F F F 3D pr in t ing i s widely used for a variety of reasons. The p r imary advantage i s that 

F F F technology i s cost-effective. A s noted by 3 D pr in t ing companies s u c h as Prototal 
U K (2022), F F F pr inters c a n be bought cheaply to start a n d th i s affordabil ity has resul ted 
i n F F F pr inters be ing the most l ike ly opt ion to be f ound i n s m a l l bus inesses , schools and 
homes. Addi t ional ly , replacement par ts for F F F pr inters c a n be found easily a n d many 
companies c a n service or repair these pr inters . Another advantage i s that F F F 
offers a flexibil ity of mater ia ls . Accord ing to A113DP (2023) a n d Prototal U K (2022), a wide 
variety of f i laments a n d thermoplast ic mater ia ls c a n be ut i l i s ed depending on the cost 
a n d desired quality. Sca labi l i ty i s another benefit of u s i n g F F F technology as these 
pr inters c a n be sca led i n size to a l low for the creat ion of larger models. The resul ts of the 
RepRap project (Jones et a l . , 2011) h ighl ighted scalabi l i ty th rough a sel f-repl icating 
prototyping mach ine that cou ld pr in t a signif icant amount of i t s parts , therefore 
a l lowing a user to create a new 3 D printer(s) as needed. A lso , accord ing to A113DP (2023), 
another major advantage i s that F F F p r in t ing i s relatively easy compared to other 3D 
pr in t ing methods. B y u s i n g a f i lament s u c h as PLA, a user c a n l ea rn to 3 D pr in t a s imple 
mode l i n a few m inutes as the steps are logical a n d easy to follow. Also, w i th F F F pr in t ing 
there are fewer steps needed i n the f in i sh ing process. There i s l im i t ed c lean ing needed for 
the pr in ted object compared to some 3D pr in t ing methods that require compressed air 
b last ing , a lcohol ba ths or cur ing . 
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F F F h a s some disadvantages as w i t h any of the 3D pr in t ing methods. Accord ing to 
Kho lgh i E s h k a l a k et a l . (2020) one of the disadvantages i s l imi ted detai l as a resul t of the 
nozzle size be ing restr icted i n most cases to 0.4 m m . The nozzle size l im i t s how detai led 
specific par ts of the mode l c a n be. A second disadvantage comes from the layer-by-layer 
deposi t ion of mater ia l that resu l ts i n a r ough surface w i t h l ines present where the layers 
meet. Another disadvantage i s that some low-cost F F F pr inters s t i l l require ad justments 
a n d tweaking, par t i cu lar l y the level l ing of the pr in t bed before each pr in t to achieve h i gh -
qual i ty outputs . It i s now c o m m o n that most new pr inters have b u i l t - i n sensors that 
perform the bed level l ing automat ica l ly , hence r educ ing the occurrence of th i s challenge. 

2.3 F F F Multicolour 3D Printing Methods 
Mul t i co lour 3 D pr in t ing , somet imes referred to as mu l t i -mate r i a l 3 D pr in t ing , uses 

mul t ip l e f i laments of vary ing co lours or mater ia ls to fabricate a n object. 3 D p r in t ing was 
restr icted to p r in t ing i n a single co lour or single mater ia l u p to the m id -2000s w h e n 
advancements i n technology saw the l a u n c h of the first mu l t i -mate r i a l 3 D pr inter . The 
Fab@Home was a n open-source 3 D pr inter l a u n c h e d i n 2006 by s tudents from Corne l l 
Univers i ty (Malone 8s L ipson , 2006). Th i s technology was adopted by the indus t ry a n d 
became more widespread i n the fol lowing years a n d more consumer-grade pr inters were 
produced. In recent t imes, mul t i co lour 3 D p r in t ing c a n be achieved u s i n g var ious 
methods s u c h as F F F , S L A a n d mater ia l jet t ing. The p innac le of colour 3 D p r in t ing c a n 
be seen w i t h h igh-end i n d u s t r i a l pr in ters s u c h as the Stratasys J 8 series of 3 D pr inters 
(shown i n Figure 6). These pr inters c a n achieve ful l -colour p r in t s by mater ia l jet t ing, w i th 
the capabi l i ty of u s i n g u p to 7 mater ia ls a n d p roduc ing u p to 600 ,000 colour 
combinat ions . However, the h i gh cost of th i s i n d u s t r i a l pr inter means that F F F technology 
r ema ins the cheapest method to produce mul t i co l our pr in ts . The m a i n methods of 
achiev ing a mul t i co lour pr in t u s i n g F F F pr inters are reviewed below. 

Figure 6: a) Stratasys J850 Polyjet printer, b) Perfume bottle printed using the J850 
printer. Source: Stratasys (2024) 

2.3.1 Pause and Swap 
To achieve a mul t i co lour pr in t u s i n g F F F technology, several methods c a n be used. 

The easiest me thod is f i lament swapp ing w h i c h c a n be used on any F F F type pr inter . Th i s 
process works by m a n u a l l y chang ing the f i lament colour at a cer ta in layer height. 
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The swap is conf igured i n the sl icer app l i ca t ion th rough a c o m m a n d (M600) i n the G-code 
scr ipt that tel ls the pr inter to pause at the end of a layer to a l low the change i n f i lament 
before r e suming the pr in t (Hil l , 2024). The user i s required to purge the pr in t head to 
clear o ld f i lament before r e suming the pr int . F igure 7 below shows a sample object pr inted 
u s i n g b l ack as the base colour a n d then orange after the pause a n d swap of the f i lament. 

Figure 7: Sample object printed using the pause and swap printing method. Source: MikeL 
via Printables (2022) 

2.3.2 Dual Extruder 
In th i s technique of mul t i co lour 3D pr in t ing , there are usua l l y two extruders on the 

same ax is w i t h each hav ing a different f i lament colour. The G-code provides the 
ins t ruc t i ons to sw i t ch between extruders based on the required colour. Mul t ip l e extruder 
3D pr inters are avai lable f rom m a n y companies s u c h as Prusa , B a m b u , Creal i ty and 
Snapmaker . In the case of d u a l extruders l ike the Snapmake r J l (shown i n Figure 8), it 
uses a n independent d u a l extruder (IDEX) sys tem that al lows each extruder to pr in t 
independent ly , a n d th i s enables more complex a n d h igh-prec is ion p r in t ing (Hullette, 
2023). I D E X systems al low the two extruders to pr in t at the same t ime, a n d th i s reduces 
c ross -contaminat ion of colours. 

Figure 8: a) Snapmaker J l dual extruder printer, b) Print samples from the Snapmaker 
printer. Source: Snapmaker (2024) 
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2.3.3 Single Extruder with Multi-Material Add-on 
Th i s me thod adds ex t ra funct ional i ty to exist ing single extruder F F F pr inters . The 

mul t i -mate r i a l add-on al lows for the use of add i t iona l f i laments or mater ia ls . The 
pr inc ip le b eh ind these add-ons i s s imi la r across devices f rom different manufac turers as 
they a l low for a n automat ic change to a new f i lament as i s needed by the object being 
pr in ted (Hullette, 2023). Th i s change c a n facilitate the use of a new f i lament colour a n d 
avoids the l im i ta t i on of the Pause a n d Swap method as one layer height c a n have mul t ip l e 
colours. One of the m a i n disadvantages of the mul t i -mate r ia l add-on i s the requirement 
to purge the extruder of the o ld f i lament before deposi t ing the new f i lament (colour). Th i s 
resu l ts i n excess waste a n d adds t ime to the pr int . The wipe/purge tower varies i n size 
a n d c a n somet imes be larger t h a n the object be ing pr in ted (Kelly, 2023). Examp les of 
these add-on devices inc lude the P r u s a Mu l t i -Ma t e r i a l Upgrade (MMU), B a m b u 
Automated Mater ia l Sys tem (AMS) a n d the Mosa ic Palette. F igure 9 shows these devices 
a n d their a t tachment to exist ing F F F pr inters . 

al) bl) cl) 

Figure 9: a) Prusa MMU3. b) Bambu AMS. c) Mosaic Palette 3 Pro. Source: Bambu Lab, 
(2024); Mosaic Manufacturing, (2024); Prusa Research, (2024a) 

The P r u s a M M U a n d B a m b u A M S work s imi la r l y as they collect a l l the f i lament 
s imul taneous ly a n d swap as needed by the single extruder to pr in t the model . The m a i n 
difference between the two is that the M M U produces a purge b lock w i t h the waste 
mater ia l whi le the A M S expels i t s waste as s m a l l threads of the o ld a n d new f i lament 
(Kelly, 2023). The Mosa ic Palette wo rks differently f rom the other two as it spl ices the 
f i laments ins tead of swapp ing them. The Palette cu ts the f i lament a n d spl ices it together 
by heat ing i t a n d then feeds a single, c on t inuous l ength of f i lament to the pr inter (Hullette, 
2023). To m a i n t a i n a h igh-qual i ty pr int , the extruder purges f i lament between colour 
t rans i t i ons a n d th i s waste mater ia l i s p laced i n a wipe/purge tower. However, Mosa ic has 
in t roduced a few strategies to reduce waste mater ia l . These inc lude reduc ing the 
t rans i t i on length, u s i n g the waste mater ia l as in f i l l i n the model a n d pr in t ing mul t ip le 
models at the same t ime (Mosaic Manu fac tur ing , 2023). S imi la r sett ings are avai lable for 
the B a m b u a n d P r u s a devices. It s h o u l d be noted that w h e n a wipe/purge tower is 
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present, th i s reduces the pr intable area as the tower needs a dedicated amount of space 
on the pr in t bed. The size of the wipe tower c a n be s igni f icantly larger t h a n the mode l 
itself, hence l im i t ing the potent ia l projects that c a n be unde r t aken w i t h these devices. 

2.3.4 Tool Changer 
Mul t imate r i a l 3D p r in t ing methods are very sui table for p roduc ing mul t i co lour pr ints . 

Another example of th i s occurs w i t h 3D pr inters w i t h a tool changer. The tool changer 
al lows for the use of independent hot ends/extruders that c a n ut i l i se f i laments of the 
same or a different mater ia l . The hot ends c a n be swapped du r ing the pr in t a n d i n most 
cases, tool changers are p laced i n large-format pr inters that offer more b u i l d vo lume 
(Kelly, 2023). Novel tool changers have been explored by researchers s u c h as C o n r a d et 
a l . (2021) a n d Laureto a n d Pearce (2017) as they have p laced mul t ip l e hot ends next to 
each other to prototype parts . Too l changers are seen as a more advanced or complex 
technology a n d are not as widely avai lable today. P r u s a Research offers th i s technology 
i n the P r u s a X L 3 D pr inter , w i t h the abi l i ty to use u p to 5 hot ends (shown i n Figure 10). 
W i t h 5 hot ends, i t i s possible to use u p to 5 co lours to produce mul t i co lour pr in ts . The 
P r u s a X L also has a large b u i l d vo lume of 3 6 0 x 3 6 0 x 3 6 0 m m w h i c h further enhances i ts 
p r in t ing capabil i t ies. 

Figure 10: Prusa XL 3D printer with 5 hot ends/extruders and a tool changer. Source: Prusa 
Research (2024b) 

2.4 Geospatial 3D Printing 
Geospat ia l da ta i s most often conveyed two-d imensional ly v i a p r in ted m a p s or dig i ta l 

m a p s on a screen. Represent ing da ta three-d imensional ly has i ts set of chal lenges a n d 
the first thought w h e n doing so is to create a n interactive dig i ta l interface, for 
example, a web app l i ca t ion showing 3 D bu i ld ings i n a city or the t e r ra in viewer i n Google 
E a r t h . However, read ing a n d proper ly ana lys ing these m a p s correctly, whether 2D or 
dig i ta l 3D , oftentimes require a spec ia l ised ski l lset . Research by He idkamp & S l o m b a 
(2017) revealed that creat ing tact i l e/phys ica l 3 D maps—or , as they pu t it, "geospatial 
s cu lp tures "—make geospatial da ta more approachable , offers sensory experiences, 
mater ia l ises the under l y ing in format ion, a n d encourages audience engagement. 
Examples of tacti le m a p s are present i n m a n y European cit ies s u c h as Zagreb, Ljubl jana, 
Z u r i c h , Sa lzburg , a n d O lomouc as bronze city models (shown i n Figure 11) that c a n be 
used by bo th v i sua l l y impa i r ed a n d s ighted people. 
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Figure 11 Bronze city models in (L-R) Zagreb, Ljubljana, Zurich, Salzburg, and Olomouc. 
Source: Merdjanova, (2018); Polak, (2013); TSG Tourismus Salzburg GmbH, (2024); 

Zagrebist, (2015); Zurich Tourismus, (2024) 

Research examin ing the use of phys i ca l 3 D mode ls created u s i n g r ap i d prototyping 
technologies h a s been explored by researchers s u c h as Wolf-Dieter Rase (2002, 2012). In 
h i s 2002 research, mode ls were prepared of cit ies, landscapes w i t h relief a n d conceptua l 
surfaces, w h i c h were then 3 D pr in ted i n mul t i co lour u s i n g a Z Corpora t ion powder and 
binder jet 3 D printer . F igure 12 below shows a smooth surface a n d 3D chorople th map 
w h i c h were some of the pr in ted resu l ts f rom Rase's research. The Z Corp . 3D pr inters 
were quite expensive, w i t h a suggested reta i l pr ice of $49,900 i n the Un i t ed States. 
However, these were the only devices avai lable on the market that cou ld produce 
mul t i co lour parts . T h i s made the Z Corpora t i on pr inters ideal for cartographic products 
as co lour i s a n essent ia l g raphic var iable i n geovisual isat ion. 

It i s impor tant to note that there are signif icant var iat ions i n terms of t ime, expense, 
a n d env i ronmenta l effects w h e n compar ing dig i ta l a n d phys i ca l 3 D mode ls i n geospatial 
appl icat ions a n d other areas s u c h as architecture. Accord ing to the 3 D render ing 
company RealSpace 3 D (2023), phys i ca l mode ls are const ra ined by their r ig idity a n d 
resource- intensiveness, even i f they provide concrete a n d powerful presentat ion forms. 
Despite be ing less hapt ic , d ig i ta l 3 D models are incred ib ly flexible a n d effective. 
Whether a phys i ca l or a dig i ta l 3 D mode l i s needed depends on the audience a n d the goal 
of the geovisual isat ion. 

Figure 12 A smooth surface population density model and 3D choropleth map of Germany 
printed with a Z Corporation 3D printer. Source: Rase (2002) 
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V isua l i sa t i on of topographic models i s one of the popular appl icat ions of 3 D pr int ing . 
E levat ion da ta i s widely avai lable at bo th a g lobal a n d local scale f rom sources s u c h as 
Copern icus , NASA, a n d loca l governments. Research h a s shown that elevation i s more 
easily unders tood w h e n u s i n g 3D models, compared to convent ional 2D contour m a p s as 
the cognitive b u r d e n on the user i s r educed (Has iuk 8s Hard ing , 2016). B y be ing able to 
use your h a n d s to interact w i t h a 3D terrain model, a n add i t i ona l layer of interact iv i ty 
i s added, a n d th i s he lps make sense of the geospatial data. 3 D te r ra in mode ls are durable 
a n d c a n be u t i l i s ed i n the c lassroom as a teaching a id to bolster paper maps . H a s i u k a n d 
Hard ing (2016) documented a prototype of a web tool cal led TouchTer ra in that c ou ld be 
used for creat ing digi tal 3D mode ls ready for pr in t ing . TouchTer ra in was further 
developed as a n open-source web appl icat ion, m a k i n g it easier to create 3D-pr intab le 
t e r ra in models, w h i c h benefits sc ient ists , s tudents , a n d other s takeholders (Has iuk et a l . , 
2017). Several other researchers s u c h as Horowitz a n d Schu l t z (2014), Cockre l l a n d 
Petcovic (2022) a n d Santamar ia -Peha et a l . (2023) have looked at the app l i ca t ion a n d 
benefits of 3D-pr in t ed t e r ra in models i n geoscience educat ion a n d research. The key 
takeaway from these s tudies i s that 3D-pr in t ed t e r ra in models possess great potent ia l 
as a teaching a n d l earn ing resource that c a n be cus tomised for var ious appl icat ions i n 
ear th science c lassrooms. Addi t ional ly , the models enable the development of a n 
accessible phys i ca l object l ibrary for ind i v idua l s w i t h v i sua l impa i rments . Topographic 
models are one area where 3D-pr in t ed models w i l l cont inue to be used to enhance the 
l earn ing experience of students. 

3D p r in t ing h a s been appl ied i n the creat ion of tactile maps for v i sua l l y impa i red 
ind iv idua ls . Crea t ing h igh-qual i ty tacti le maps i s s t i l l a demand ing task as it first requires 
a s ighted ind i v i dua l to des ign a n d pr in t the maps . 3D p r in t ing technology is not widely 
accessible i n a l l cit ies a n d regions of the wor ld , a n d th i s l im i t s the prospective benefits 
that the technology cou ld b r ing to the v i sua l l y impa i red . However, as 3 D pr in t ing becomes 
more widespread, th i s technology has the potent ia l to greatly a id the v i sua l l y impa i red i n 
l earn ing new concepts. Research h a s shown that 3D-pr in t ed mode ls enable the use of 
more easi ly unders tood icons, a l low for relative he ights to be better understood, improve 
bo th space a n d text memor isa t ion , a id i n spat ia l or ientat ion a n d unders tand ing spat ia l 
re la t ionships (G i raud et a l . , 2017 ; G u a l et a l . , 2014 ; Hol loway et a l . , 2018 ; Rener, 2017; 
Taylor et a l . , 2016 ; Vozeni lek 8s Vondrakova , 2014). 

Advancements i n mu l t imate r i a l p r in t ing have seen the combinat i on of 3D-pr in t ed 
models a n d mobi le devices to add extra funct ional i ty to models. The tacti le maps serve 
as a n interactive overlay, u s i n g conduct ive f i lament to provide the under l y ing touchscreen 
device w i t h i npu t (Barvir et a l . , 2023 ; Barv i f et a l . , 2019 ; Taylor et a l . , 2016). The resu l t ing 
combinat i on al lows the user to dynamica l l y interact w i t h the map a n d ga in add i t iona l 
in format ion from v ibrat ions a n d audio descr ipt ions. 3D-pr in t ed tacti le m a p s c a n improve 
the l earn ing potent ia l of the v isua l ly impa i red (Auricchio et a l . , 2017 ; Rener, 2017) and 
those w i thout v i s u a l impa i rment (Cockrel l 8s Petcovic, 2022 ; Horowitz 8s Schul tz , 2014). 

Other geovisual isat ions that have been produced u s i n g 3D pr in t ing inc lude the 
document ing of c u l t u r a l sites a n d h is to r i ca l m o n u m e n t s (Hevko et a l . , 2020; 
Themistoc leous et a l . , 2015 ; Zw i row i c z -Rutkowska et a l . , 2023), r econst ruct ion of 
h i s to r i ca l landscapes (Pacina et a l . , 2022), a n d des ign i n archi tecture a n d u r b a n p l ann ing 
(Ghawana 8s Z latanova, 2013 ; K i m et a l . , 2021). The convergence of 3 D p r in t ing a n d 
geospatial da ta i s not w i thout i ts set of challenges. Some of these inc lude the large variety 
of geospatial da ta formats that need to be t rans lated into a 3D-pr intab le format s u c h as 
STL, loss of reso lut ion due to phys i ca l l imi ta t ions of pr in ters a n d considerat ions about 
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project ion from 2 D to 3 D (Ghawana 8s Z latanova, 2013). The use of affordable F F F 
pr inters for geov isual isat ion also has some l imi ta t ions i n c lud ing the mater ia ls , the 
n u m b e r of co lours a n d the size of the pr in t vo lume (Al lahverdi et a l . , 2018). Even though 
the goal of th i s current s tudy i s to investigate the improved use of mul t ip l e co lours, the 
cost of add ing more co lours to a mode l u s i n g pr inter add-ons c a n become signif icant. 
Also, careful cons iderat ion m u s t be g iven to the features d isp layed a n d the use of co lours 
as the technologies used i n th i s s tudy are l im i t ed to four to eight colours. These are 
chal lenges inherent i n u s i n g F F F pr inter add-ons a n d the ideal so lu t i on wou ld be the use 
of ful l -colour 3 D pr inters that uses a different method of 3 D pr in t ing s u c h as mater ia l 
jett ing. 

Even though there have been diverse appl icat ions of 3 D pr in t ing to showcase 
geospatial data, there i s s t i l l l imi ted use of mul t i co lour mode ls that are more complex, 
mean ing the colour var iat ions occur at the same layer height. Research conducted by 
B r u s et a l . (2023) h ighl ighted the app l i ca t ion of the pause a n d swap (results s h o w n i n 
Figure 13 below) a n d mul t i -mate r i a l add-on methods of mu l t i co l our 3D pr in t ing to 
produce geovisual isat ions. However, the methods to achieve more complex F F F 
mul t i co lour models (such as device add-ons or tool changers) are not as widely u s e d as 
t rad i t iona l s ingle-colour pr in t ing . One reason for th i s cou ld be the add i t iona l cost 
of u t i l i s ing these methods. F F F pr inters w i t h mul t i -mate r i a l tool changers are s t i l l not 
widely avai lable a n d entry-level opt ions are relatively expensive. A s part of the current 
study, the P r u s a X L w i t h the tool changer technology i s tested a n d evaluated to gauge i ts 
potent ia l to create mul t i co lour geospatial models. 

Figure 13: Multicolour 3D models created using the pause and swap method. 
Source: Brus et al. (2023) 

Based on prev ious s tud ies by researchers s u c h as W a b i n s k i a n d K u z m a (2017), 
Barv i f et a l . (2023) a n d B r u s et a l . (2023) covering F F F 3 D pr in t ing of geospatial data, 
there i s room for the further u t i l i sa t i on of mul t i co lour models. Th i s h igh l ights the need 
for add i t iona l research into how these models c a n be created, appl ied, a n d adopted. 
Mul t i co lour F F F p r in t ing of geospatial da ta h a s the potent ia l to further enhance tacti le 
maps , a n d convey complex in format ion therefore improv ing the learning, communica t i on , 
a n d dec i s ion-mak ing processes. More consumer-grade p r in t ing opt ions are now available 
to produce mul t i co lour geovisual isat ions w i t h the m a i n challenge to overcome being the 
preparat ion of the geospat ia l da ta a n d creat ion of 3 D mode ls that use mul t ip l e co lours to 
i ts advantage. 
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3 METHODOLOGY 
Th i s chapter in t roduces the general methods used i n creat ing a n d p r in t ing the 

mul t i co lour 3 D models to achieve the objectives of the research. The da ta types and 
sources that were ut i l i sed , the software that was used for da ta processing, analys is , and 
mode l l ing a n d the p r in t ing equipment used are highl ighted. In addi t ion, the workf low of 
th i s d i p l oma thesis i s prov ided to highl ight the da ta acquis i t ion , model l ing, 3 D pr in t ing 
a n d resu l ts presentat ion. 

Methods 

The research was div ided into two m a i n sect ions, firstly, creat ing or acqu i r ing the 3D 
models, a n d secondly, p r in t ing the mul t i co lour 3D models u s i n g different equipment. In 
creat ing the 3 D models, the first step was ideat ion a n d da ta acquis i t ion. In most models, 
the da ta was processed u s i n g GIS software to extract the necessary components a n d carry 
out operat ions s u c h as the smooth ing of D E M s a n d s impl i f i cat ion of complex geometries. 
The GIS software was also used to create the comparat ive map u s e d i n the user testing. 
The processed da ta was exported to 3 D model l ing software to create the desired model . 
The exported mode ls were repaired a n d ref ined u s i n g 3 D mode l viewer software. 

The second sect ion involved p r in t ing the model . The f in ished mode l was configured 
a n d s l iced u s i n g the sl icer app l i ca t ion for the specific pr inter that w o u l d be used . The 
s l iced mode l was up loaded to the pr inter u s i n g a U S B drive or W L A N connect ion. The 
f i lament co lours were prepared for the pr inter a n d the mode l was pr inted . The p r in t ing 
process was checked occasional ly to ensure it was progress ing smoothly. The completed 
pr in t was post-processed to remove any unwan t ed parts . The waste mater ia l p roduced i n 
the p r in t ing process was weighed a n d recorded for compar ison . E a c h pr in ted mode l was 
photographed for presentat ion i n the mul t i co lour p r in t ing booklet. 

Data 

The research ut i l i sed da ta f rom a range of sources to create var ious mode ls that wou ld 
test the mul t i co lour p r in t ing capabi l i t ies. Table 1 below shows the da ta sources a n d types 
that were used i n the research. 

Table 1 Datasets and sources used during the research. 

Dataset Source T y p e 

Copern i cus G L O - 3 0 D E M E u r o p e a n Space Agency Raster 

C O R I N E L a n d Cover Cope rn i cus L a n d Mon i to r ing 
Service 

Vector a n d Raster 

Lucerne L a n d Use OpenStree tMap Vector 

P r a h a Metro Map Pražská integrovaná doprava 
(PID) 

Image 

E a r t h layers diameter Nat iona l Geographie Stat is t ics 

Czech i a popu la t i on da ta ArcČR, A R C D A T A P R A H A Vector 

A u s t r i a popu la t i on da ta E s r i , M i chae l Baue r Research 
G m b H 2023 , Bundesans ta l t 
Stat is t ik Österreich, Euros ta t 

Vector a n d stat is t ics 

New Yo rk C i ty mode l Thingiverse STL mode l 

New Yo rk C i ty da ta Cadmapper Ske t chUp mode l 

Luxembourg C i ty mode l geoportai l . lu STL test mode l 
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J a m a i c a Ear thquake 2023 U S G S Vector test da ta 

Ca r i bbean Bathymetry G E B C O Raster test da ta 

Software and Equipment 
The two sect ions of the research required different software a n d equipment to create 

a n d pr in t the mul t i co lour models. Add i t i ona l software was used to carry out user test ing 
a n d to prepare the mul t i co lour 3 D pr in t ing booklet. Table 2 shows a l l the software used 
i n the research a n d Table 3 shows the 3 D pr in t ing equipment used to achieve h igh-qual i ty 
F F F pr int ing . 

Table 2 Software used to process data and create 3D models. 

Name Use 

ArcGIS"Pro[|3 ArcGIS Pro 3.2.2 
C l ean a n d process vector a n d raster da ta 
for the 3 D models. Create the paper map 
for the user test ing exercise. 

Q C I S QGIS 3.28.4 
C l ean a n d process the vector a n d raster 
da ta for the 3 D models. 

\ D E M t o 3 D D E M t o 3 D 
P lug in i n QGIS software used to export 
D E M or a raster layer to STL format for 3 D 
pr in t ing . 

^ISketchUp Ske t chUp 2018 

Create 3 D models by ex t rud ing polygons 
a n d edit ing STL files to remove erroneous 
features. Several extensions were added to 
improve the des ign a n d export funct ions of 
the software. 

n 3 D Bu i lde r 
View, modify a n d repair STL a n d 3 M F 
files. 

J AUTODESK Netfabb Autodesk Netfabb 
View, modify a n d repair STL a n d 3 M F 
files. 

0 PrusaSl i cer 2.7.3 

Desktop app l i ca t ion for P r u s a pr in te rs for 
conf igur ing 3 D mode l files for p r in t ing by 
repair ing, co lour ing, s l ic ing, a n d export ing 
G-code. 

§5 C a n v a s Canvas 

Web app l i ca t ion for the Palette 3 Pro for 
conf igur ing 3 D models for p r in t ing by 
co lour ing, s l ic ing, a n d export ing a z ipped 
file w i t h the G-code. 

1 S a m b u 
S I L a b 

B a m b u Studio 

Desktop app l i ca t ion for B a m b u pr in te rs 
a n d B a m b u A M S for conf igur ing 3 D mode l 
files for p r in t ing by repair ing , co lour ing, 
s l ic ing, a n d export ing G-code. 
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Creat ion of a dig i ta l quest ionnaire for 

ArcGIS Survey 123 
col lect ing user feedback. The mobi le app 
was also u s e d to submi t the responses 
from the survey part ic ipants . 

Ed i t s impl i f ied geometries i n S V G format 
Inkscape 1.3 to be converted into D X F format for use i n 

Ske t chUp model l ing. 

Adobe InDesign Des ign a n d edit the layout a n d content of 

L J 2024 the mul t i co lour 3 D pr in t ing booklet. 

f ! f | Adobe I l lustrator Des ign workf low a n d other graphic 
2024 elements. 

Q Adobe Photoshop 
2024 

Ed i t images captured of the mode ls a n d 
other content to be used i n the 

Adobe Photoshop 
2024 

mul t i co lour 3 D p r in t ing booklet. 

Table 3 Equipment used to print the 3D models. 

Image Name Spec i f icat ions 

Or ig ina l P r u s a i3 
M K 3 S 

MSRP: €999 

Build volume: 2 5 0 x 2 1 0 x 2 1 0 m m 

Layer height: 0 .07-0.25 m m 

Nozzle: 0.4 m m 

Fi lament diameter: 1.75 m m 

M a x tool head speed: 200 m m / s 

M a x nozzle temperature: 300 °C 

M a x b u i l d plate temperature: 120 °C 

Shell: Open 

Or ig ina l P r u s a X L 
- 5T Input Shaper 
0.4 nozzle 

MSRP: €4 .199 

Build volume: 3 6 0 x 3 6 0 x 3 6 0 m m 

Layer height: 0.07-0.3 m m 

Nozzle: 0.4 m m 

Fi lament diameter: 1.75 m m 

M a x tool head speed: 450 m m / s 

M a x nozzle temperature: 290 °C 

M a x b u i l d plate temperature: 120 °C 

Tool Changer: 5 tool heads 

Shell: Open 
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MSRP: €762 

Combo with AMS: €1 .016 

Build volume: 256x256x256 m m 

Combo with AMS: €1 .016 

Build volume: 256x256x256 m m 

Layer height: 0 .08-0.28 m m 

Nozzle: 0.4 m m 

B a m b u Lab P I S F i lament diameter: 1.75 m m 

M a x tool head speed: 500 m m / s 

M a x nozzle temperature: 300 °C 

M a x b u i l d plate temperature: 100 °C 

Shell: Enc losed 

M a x nozzle temperature: 300 °C 

M a x b u i l d plate temperature: 100 °C 

Shell: Enc losed 

Air Filter: Act ivated C a r b o n Fi l ter 

B a m b u Lab A M S 

MSRP: €359 

F i lament inputs : 4 

F i lament diameter: 1.75 m m 

MSRP: € 7 5 0 

F i lament inputs : 8 Mosa ic 

MSRP: € 7 5 0 

F i lament inputs : 8 

M anufac tur ing 
Palette 3 Pro 

F i lament diameter: 1.75 m m 

Splicing technology: 3 rd generat ion 

Spl ice Core PRO 

M anufac tur ing 
Palette 3 Pro 

F i lament diameter: 1.75 m m 

Splicing technology: 3 rd generat ion 

Spl ice Core PRO 

Scale 
Measur ing scale for weighing the waste 
mater ia l f rom pr int ing . 
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Processing procedure 

Figure 14 shows the workf low that was carr ied out i n the execut ion of th i s study. The 

workf low covers the da ta col lect ion, da ta processing, 3 D model l ing, 3 D pr in t ing , post­

processing, user test ing a n d booklet creat ion steps. 

Vector data 
Raster data 
STL model 
SketchUp model 

Smooth DEM 
Simplify vector data 

Create map layout 
Export SVG maps 

^ S k e t c h U p 

A U T O D E S K 
Netfabb 

Print and filament settings < 
Slice model ( 

Export G-code • 
Print model • 

ArcGIS 'ProgJ 

Q C I S 

• Extrude polygons 
Repair edges 
Export STL 
Adjust and scale STL parts 

Si 
ä a m b u L a b 

Dispose of waste 
• Remove supports 
• Clip filament stringing 
• Sand rough areas 

General public survey 
Visually impaired interview 

A i l f id ] 
Adobe Adobe Adobe 

Canvas 

9 

f3) 

B O O K L E T 

C R E A T I O N 

Ilustrátor Photoshop InDesign 

Photograph printed models 
Upscale images 
Design and export booklet 
Print booklet 

Figure 14 Research procedures and workflow. 
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4 DESIGN OF 3D MODELS 
Th i s chapter delves into the process of creat ing 3 D models for mul t i co lour pr int ing . 

The first steps of the workf low from Figure 14 are expounded u p o n i n c lud ing da ta 
col lect ion a n d processing, mode l l ing i n Ske t chUp a n d other software a n d m a k i n g maps 
that are 3 D pr intable . The 3 D mode l des ign steps are the bas i s of success fu l 3 D pr int ing . 

4.1 Data Collection 
Raster Data 

The Copern i cus programme is the E u r o p e a n Un ion ' s E a r t h observat ion programme 
that offers free a n d open-access da ta to users . The Cope rn i cus D E M is a Dig i ta l Surface 
Mode l (DSM) that was derived from the W o r l d D E M product a n d is based on radar satell ite 
da ta (OpenTopography, 2021). The da ta was obta ined between 2011 a n d 2015 d u r i n g the 
T a n D E M - X Miss i on . The Cope rn i cus D E M i s avai lable i n 3 0 m a n d 9 0 m reso lut ions. For 
th i s research, the Copern i cus 3 0 m D E M (COP30) was accessed th rough 
OpenTopography, w i t h the da ta be ing prov ided by Sinergise v i a a n A W S S3 bucket . 

1. Select area of data to process: 

1. Coordinates 

Horizontal Coordinates: WGS84 [FPSG: 4326] 
VertiealCoordinates: EGM2008[EPSG: 3S55] 
Units; meter 

Data Selection Coordinates: • Manually enter selection coordinates {in iheiwliontaloxirdTriawsysreiTiristedjbov )̂ 

X m i r = 76.74573326123935 Y m i n - 18,015876597895513 X m a *= 7672118548433507 Y . « = 18,036525375370117 

Current selection area is approximately 6 km*. 

2, Data Output Formats 

Select Data Output Formst: GeöTif l 

Figure 15 OpenTopography data download configuration for acquiring the DSM for Model 1. 

For Mode l 1, the D S M for a n area of K ings ton , J a m a i c a was extracted from the C O P 3 0 
download page on OpenTopography. Figure 15 above, shows the s imple a n d user- fr iendly 
steps t aken to download the data. The area of interest was selected a n d the da ta output 
format was set as GeoTIFF. To download the data, a job title, job descr ipt ion a n d emai l 
address are prov ided for t r ack ing j obs i n OpenTopography. 
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The Genera l Bathymetr i c C h a r t of the Oceans (GEBCO) i s a free-to-access bathymetry 
dataset of the world 's oceans. The dataset i s avai lable as a gr idded raster t e r ra in mode l 
covering bo th the seafloor a n d l and . Accord ing to the G E B C O (2024) dataset descr ipt ion, 
the elevation mode l was generated by ass imi la t ing reg ional a n d global gr ids and 
ind i v i dua l surveys col lected from na t i ona l a n d in ternat iona l databases. The da ta for one 
of the p l anned models was downloaded as a GeoTIFF f rom the onl ine G E B C O da ta 
download tool s h o w n i n Figure 16. 

Figure 16 GEBCO data download website. 

The Prague Metro da ta was extracted from official Metro maps that are pub l i c l y 
available. The Prague Metro m a p s a n d other pub l i c t rans i t m a p s are made by Pražská 
integrovaná doprava (PID), i n Eng l i sh , Prague Integrated Transport . F igure 17 shows the 
or ig ina l map that was used to create a mode l adapted for the v isua l ly impa i red . Add i t i ona l 
m a p s of the ind i v i dua l l ines were also u s e d to create models sui table for the v isual ly 
impaired . 
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Figure 17 Prague Metro map. Source: PID (2024) 
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Vector Data 
The vector da ta used i n the research came from var ious sources. Ea r thquake da ta 

was acqu i red f rom the Ear thquake Hazards Program of the Un i t ed States Geological 
Survey (USGS). A magni tude 5.4 earthquake h i t J a m a i c a o n October 30, 2023 , a n d th is 
was the des ign idea for one of the mode ls to be created. K M L event da ta was downloaded 
from the Ear thquake Hazards Program (2023) website a n d later converted to a feature 
c lass a n d a shapefile. 

Vector da ta for the Czech Republ ic was acquired from the ArcCR® vers ion 4.2 dig i ta l 
database made avai lable by A R C D A T A PRAHA . A R C D A T A P R A H A i s the official E s r i 
d is t r ibutor i n the Czech Republ ic . The database conta ins administrat ive d iv is ions from 
the L a n d Survey ing Office enr iched w i t h popu la t i on census da ta a n d other s tat is t i ca l da ta 
from the Czech Stat is t i ca l Office (ARCDATA PRAHA , 2023). Addi t ional ly , vector da ta for 
A u s t r i a was acquired f rom the ArcGIS L iv ing At las . The dataset conta ins the federal 
province boundar i es a long w i t h popu la t i on stat ist ics prov ided by M ichae l Bauer Research 
G m b H a n d sourced f rom Stat is t ik A u s t r i a (Esr i , 2024). 

The Q u i c k O S M p l u g i n i n QGIS was used to acquire l a n d use da ta from the 
OpenStreetMap database for Lucerne, Swi tzer land. Figure 18 shows the conf igurat ion of 
the query that was used to acquire the da ta as polygons w i t h i n a specific b ound ing box. 
The l a n d use da ta was extracted u s i n g the fol lowing tags, " a d m i n level 8", " res ident ia l " , 
" farmland" , "forest", "meadow" a n d Svater'. The most recent C O R I N E L a n d Cover (CLC) 
dataset was downloaded i n bo th raster a n d vector format from the Copern i cus L a n d 
Mon i to r ing Service (CLMS) to acquire compar i son l a n d cover da ta for Lucerne. The C L C 
dataset was first p roduced i n 1990 a n d the last update occurred i n 2018 (CLMS, n.d.). 

G QuickOSM 

T f Quick queiy 

(J W** wBl k*y,'vlhj» 

N« mtndMiyv. &: bakery 

Value Add Delete 

1 I lunduse • Iforest - * 
Lay*r Extent - . rxttnl_i OnY, leiected feature 

Save query m a w v o w l • Run query 

la ndu*e_ forest 

Al objects w*h the key = -z.ie = : : rest in theaiveor byer extei t art going to be dovmroeded. E I 

At OSM objects wCh Die key *Jm«i_ltiv*f-6 it the a n v s or Layer ester 1 are gong to be downloaded. B ® 
— - r ^ n n - i 

W Advanced 

<J Nods 

Directory 5.v« to ttmporjry f*» 1Q 
Format ieoPackage 

I SOCCMJIJI QU*T/, 1 lay*r(i) hK b**r> load*d. 

Figure 18 QuickOSM configuration to download data in QGIS. 
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Pre-made Models 

M a n y cit ies a n d countr ies have geoportals that provide 3 D da ta for pub l i c use. Some 
cit ies go further by prov id ing p lat forms to download STL models of the city based o n the 
available 3 D data. Luxembourg offers da ta th rough i ts na t i ona l porta l , Geoporta i l . lu . The 
geoportal offers a 3 D p r in t ing tool for extract ing a n d download ing t e r ra in a n d bu i l d ing 
da ta for areas u p to 500 m 2 as a 3 D mode l i n STL format. F igure 19 shows the layer 
selection opt ions for the 3D mode l a n d the download opt ions of a single combined mode l 
or separate files for each layer (ideal for mul t i co lour printing) . 

Figure 19 Luxembourg 3D model download tool. Source: Geoportail.lu (n.d.) 

A second source that was u s e d to acquire 3 D city da ta was Cadmapper . Users are 
al lowed to download C A D files for any locat ion based o n da ta t ransformed from pub l i c 
sources s u c h as OpenStree tMap a n d U S G S (Cadmapper, 2024). Figure 20 shows the 
Cadmapper website a n d the conf igurat ion of the map that was used for the New Yo rk Ci ty 
model . The map conta ins 3 D bu i ld ings a n d topography in format ion, a n d the user c a n 
download u p to 1 k m 2 of da ta for free. The user i s also able to select the output file type 
a n d configure the road geometry. 

Figure 20 Cadmapper 3D model download configuration. 
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There are communi ty -dr i ven onl ine p lat forms where use rs c a n share, discover, a n d 
download 3 D models for 3 D pr in t ing . Some of these plat forms inc lude Thingiverse (by 
Ult imaker) a n d Pr intables (by Prusa). A mode l of a large sect ion of New Yo rk C i ty was 
downloaded f rom Thingiverse (shown i n Figure 21) to be used i n add i t i on to the 1 k m 2 of 
da ta downloaded from Cadmapper . The M a n h a t t a n Project by J i b 2 2 conta ined 52 files 
i n c lud ing 51 STL files a n d a Ske t chUp mode l of the project (Thingiverse.com, 2020). 

Post a make 0 Post a remix 0 Watch Report thing p Tip designer © 

Figure 21 The Manhattan Project page on the Thingiverse website. 

4.2 Data Processing and Model Creation 

4.2.1 Modelling using GIS Software 
Several steps a n d file convers ions are needed to take a complete map produced w i th 

ArcGIS Pro or QGIS a n d convert it into a 3D-pr in tab le map . ArcGIS Pro suppor ts 3D 
scenes w i t h i n the app l i ca t ion a n d exports to ArcGIS On l ine for web display, however, 
there are no export opt ions to c o m m o n 3 D formats s u c h as O B J , C O L L A D A or STL. QGIS 
suppor ts p lug ins that enhance the 3 D capabi l i t ies. One of w h i c h (DEMto3D) i s capable 
of export ing STL files ready for 3 D pr in t ing . The GIS software was essent ia l for da ta 
process ing a n d c leaning a n d the outputs were made 3 D pr intab le u s i n g add i t i ona l 
mode l l ing software h ighl ighted i n the fol lowing sections. 

Model 1: Kingston Terrain 
The Pause a n d Swap method was the first to be used i n creat ing a mul t i co lour mode l 

i n th i s study. To create Mode l 1, the downloaded C O P 3 0 D E M for a sect ion of K ingston, 
J a m a i c a was opened i n QGIS. A polygon was created for the desired extent of the model . 
The QGIS p lug in , D E M t o 3 D was used to create a n STL file f rom the D E M . W i t h i n the 
p lug in , the D E M was set as the target layer to p r in t a n d the area of interest polygon was 
set as the pr in t extent. The mode l size was conf igured to have a spac ing of 0.2 
m m , a scale of 1:25,000 a n d a vert ica l exaggeration of 1.5. The sett ings for the height and 
base height c a n be var ied to achieve the desired overal l mode l height. These sett ings c a n 
be seen i n Figure 2 2 a below. After Export to STL was selected the file browser opened to 
select the dest inat ion of the STL file. The exported STL for Mode l 1 was checked i n the 
software 3 D Bu i lde r a n d c a n be seen i n Figure 22b below. 
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Figure 22 DEMto3D configuration and resulting STL for Model 1. 

Model 5: Austria Population Density 2023 
ArcGIS Pro was used to process the A u s t r i a n da ta to create Mode l 5. Two methods 

were tested to create the mode l w i t h the resu l ts be ing very s imi lar . Method one was raster-
based whi le me thod two was vector-based. The methods are descr ibed below: 
Method one (raster) i n c luded the fol lowing steps: 

• A new field was added to the attr ibute table for the respective popu la t i on density 
class. 

• The provinces were converted f rom vector to raster u s i n g the Polygon to Raster 
geoprocessing tool (see Figure 23b). The p ixe l value was set as the newly generated 
field w i t h the popu la t i on density class. A cel l size of 30 m was found to be a good 
ba lance between reso lut ion a n d file size of the f ina l STL model . 

• The Reclassify geoprocessing tool (see Figure 23c) was used to reclassify the p ixe l 
va lue from the popu la t i on density c lass to a n elevation value. These va lues were 
set to intervals of 1000. No da ta pixels were set to zero. 

• The resu l t ing raster was opened i n QGIS a n d then used as the target layer i n the 
D E M t o 3 D p lug in . 

• The STL file was exported. 

• 3 D Bu i l de r was used to scale the mode l to c l ip the base of the mode l to remove the 
sect ion w i t h zero va lues (no data), leaving the correct shape of Aus t r i a . The 
resu l t ing mode l c a n be seen i n Figure 24a. 

Method two (vector) i n c luded the fol lowing steps: 

• S impl i fy ing the geometry of the province boundar i es u s i n g the Simpli fy Polygon 
geoprocessing tool (see Figure 23a). The s impl i f i cat ion was done to reduce the 
n u m b e r of s m a l l corners i n the data, hence improv ing the 3 D pr in t ing result . 

• Ca l cu la t ing the popu la t i on density by no rma l i s ing the tota l popu la t i on i n 2023 by 
the area of the provinces. 

• Class i fy ing the density into 4 classes based on the avai labi l i ty of a set of f i laments 
to create a yel low-red colour scheme. 

• The classi f ied da ta was p laced on a map a n d exported as a n S V G file. 
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The S V G file was converted to D X F format u s i n g Inkscape. 

The D X F file was impor ted into Ske t chup for 3 D model l ing. 

The D X F file was scaled u p i n size to improve the performance of Ske t chUp as 

work ing w i th s m a l l mm-s i zed objects reduced the performance of the software. 

The province polygons were m a n u a l l y extruded based on the popu la t i on density 

c lassi f icat ion. 

The completed mode l was exported as a n STL file. 

The STL file was checked for errors u s i n g 3 D Bu i lde r to ensure i t i s 
manifo ld/watert ight (has no holes). 

The resu l t ing mode l c a n be seen i n Figure 24b. 
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Figure 23 a) Simplify Polygon tool settings, b) Polygon to Raster tool settings, c) Reclassify 
tool settings. 

The vector-based mode l f rom method two h a d smooth polygons a n d was selected for 
p r in t ing as the mode l f rom method one h a d sharp edges f rom the raster pixels. The p ixe l 
size of the converted polygons cou ld be reduced to get a smoother model . However, th i s 
r educ t i on i n p ixe l size was tested a n d the file t r ip led i n size. T h i s increase i n the raster 
file size also resul ted i n a signi f icant increase i n the export t ime for the STL file f rom the 
D E M t o 3 D p lug in . 

Figure 24 a) Model 5 STL from the raster-based method, b) Model 5 STL created from the 
vector-based method. 
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4.2.2 Modelling using SketchUp 
Ske t chUp was the pr imary app l i ca t ion used to create a n d edit the 3 D models 

p roduced i n th i s research. A series of steps a n d extensions were used depending o n the 
requirements of the model. 

Model 2A: New York City 

The process ing steps inc luded : 

• Import ing the downloaded Ske t chUp project f rom Cadmapper into Ske tchUp. 

• The Ene ro th Te r ra in Vo lume extens ion was u s e d to generate a so l id object under 
the terra in . 

• The mode l was exploded to edit the different layers 
• Bu i l d ings at the edge of the mode l that h a d been cut i n the export were removed. 
• The roads were extruded s imul taneous ly u s i n g the J o i n t P u s h P u l l extens ion (trial 

version). 
• The C l e a n U p 3 a n d So l id Inspector 2 extensions were used to inspect a n d repair 

components. 
• E a c h layer of the project was exported as a n STL file. 

Model 3A-D: Praha Metro Map 

The process ing steps inc luded : 

• The P r a h a Metro map was impor ted as a texture to the mode l base that was 
created. 

• The metro l ines were d r a w n as polygons a n d the stops as circles. 

• Mul t ip l e shapes were extruded u s i n g the J o i n t P u s h P u l l extension. 
• M i s s ing faces were fixed w i t h the Ene ro th Face Creator extension. 
• The Czech brai l le font was ins ta l l ed a n d used to place the s tat ion names as 

extruded 3 D objects (in th i s case cy l inders for the dots). Sett ings used , braille 
height = 7.5 m m a n d extrusion height =0 .8 m m . 

• The cy l inders were edited u s i n g the RoundCorne r extens ion (trial version) to give 
them a domed top. The r ound ing of the top was done to achieve a smoother 
texture for the brai l le dots a n d improve i ts readabil i ty. 

• The m a i n sett ings for the RoundCorne r tool were the number of segments = 1 0 
a n d Offset =0 .7 m m . 

• The C l e a n U p 3 a n d So l id Inspector 2 extensions were used to inspect a n d repair 
components. 

• The base of the model , the l ines, stat ions, a n d brai l le labels were exported as 
ind i v i dua l STL files for L ines A, B , a n d C a n d the overal l Metro Map . 

• The combined mode l was checked a n d repaired i n 3 D Bu i lde r (shown i n Figure 
25). 

Figure 25: Braille dots designed with rounded tops. 
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Model 4A-C: Earth Structure 

Images a n d stat ist ics f rom Nat iona l Geographic were used to create a mode l showing 
the layers of the E a r t h . The end goal was to create a single mode l w i t h a different colour 
for each layer a n d a cut -out sect ion. The steps followed inc luded : 

• The r ad ius of the layers was sca led down from k m to m m scale. 

• A circle was created for each layer. 

• The c irc les were extruded into spheres. 

• E a c h sphere was exported as a n ind i v i dua l STL file f rom SketchUp. 

• U s i n g 3 D Bu i lde r , the spheres were progressively subtrac ted from each other 
to create ho l l ow spheres for each layer. 

• The mode l was spl i t into quadrants u s i n g the Spl i t tool to create the cut-out. 

• After removing the quadrant , the r ema in ing sect ions were merged. 

• A hexagon base was created i n 3 D Bu i lde r to ho ld the model . 

• E a c h layer of the whole mode l a n d the cut -out sect ion was saved as 
ind i v i dua l STL files to make the co lour ing process easier w h e n pr int ing . 

4.2.3 Paper Maps to 3D-Printable Maps 
There are l imi ted resources that out l ine i n detai l h o w to go from a paper map to a n 

equivalent 3D-pr in t ed map w i t h ease. The series of steps prev iously ment ioned i n the 
da ta process ing method two that was used for Mode l 5 was effective i n convert ing 
complete m a p s saved as S V G to 3 D models u s i n g model l ing software s u c h as Ske tchUp . 
These steps were further u t i l i s ed to create models 6, 7 A a n d 7B . 

Model 6: Population Structure Pardubický kraj 

The process ing steps inc luded : 

• U s i n g ArcGIS Pro, the paper map was completed a n d exported w i t h a l l the 
necessary symbology a n d layout elements to be used i n User Test ing. 

• The geometry of the Pardubický kraj administrat ive areas was s impl i f ied u s i n g the 
Simpli fy Polygon tool. 

• The s impl i f ied map w i t h chart symbo ls a n d legend was exported i n S V G format. 
• The S V G map was converted to D X F u s i n g Inkscape. 
• The D X F file was imported into Ske tchUp. 
• To improve system performance, the mode l was scaled u p i n size. 

• The administrat ive areas a n d char t symbols were extruded to the required 
heights. 

• The relative scale of the legend was ma in ta ined a n d the symbo ls extruded to 
m a t c h the map field. 

• The adminis trat ive areas, chart symbols a n d legend were exported as separate 
STL files. 

• The combined files were checked i n 3 D Bui lder . 

Model 7A-B: Lucerne Land Cover 

Th i s mode l was more chal leng ing to create as the goal was to create a mode l that 
shows l a n d cover c lasses a n d the t e r ra in of the city. After test ing several tools, the 
fol lowing steps were f ound to be success fu l i n achiev ing the desired model . 

• U s i n g ArcGIS Pro, the C O P 3 0 D E M was smoothed u s i n g the Foca l Stat ist ics 
geoprocessing tool to improve the qual i ty of the geovisual isat ion. The sett ings were 
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conf igured to the following, Neighbourhood = C i rc le , Radius = 3, Units type = 
Ce l l a n d Statistics type = Mean. 

• The smoothed D E M was impor ted into QGIS a n d a n STL mode l was exported us ing 
the D E M t o 3 D p lug in . 

• The output ted t e r ra in STL was s impl i f ied i n 3D Bu i lde r to reduce i ts size by 
reduc ing the n u m b e r of tr iangles. 

• The O S M vector da ta was s impl i f ied u s i n g the Simpli fy Polygon geoprocessing tool 
to reduce the sharp edges. 

• The l a n d use c lasses were general ised by removing smal ler par ts a n d merging 
adjo ining sect ions of s imi lar uses. 

• The O S M da ta was exported i n S V G format u s i n g the map extent ma t ch ing the 
D E M . 

• The C L C da ta h a d a reso lut ion of 100 m , hence very general ised a n d no need for 
s impl i f icat ion. The map extent was exported to S V G format. 

• B o t h S V G files were converted to D X F u s i n g Inkscape. 
• The O S M D X F file was impor ted into Ske t chUp 

• The polygons were extruded to a f ixed height a n d each c lass was exported as a n 
ind i v i dua l STL file. 

• The same import , ex t rus ion a n d export operat ions were carr ied out on the C L C 
D X F file. 

• The D E M a n d the i nd i v i dua l O S M extruded layers were impor ted into Autodesk 
Netfabb. 

• U s i n g the Boo lean funct ions i n Netfabb the forest, water a n d u r b a n layers were 
subtracted from the D E M to get the area covered by agr icul ture on the D E M . Layer 
subt rac t i on is possib le i n 3 D Bu i lde r , bu t Netfabb h a d signi f icantly faster 
process ing t imes for the operations. Figure 26 below shows the Boo lean tool setup. 

• The new water area mode l was exported as a n STL file. 
• A l te rnat ing layers were subtrac ted from the D E M to get the forest, u r b a n a n d 

agr icul ture STL mode ls of each. 
• E a c h STL was opened i n Ske t chUp to remove a few unwan t ed faces that h a d no 

vo lume bu t were generated du r ing the subt rac t i on process. 
• The steps i n Netfabb were repeated for the C L C layers. 
• The legend a n d labels for Mode l 7A a n d 7 B were created i n Ske tchUp. 
• The complete models were checked a n d pos i t ioned correctly u s i n g 3 D Bu i lder . The 

C L C mode l c a n be seen i n Figure 27. 

4.2.4 Test Models 
The pre-made mode l of Luxembourg was used as a n early resource to test the 

capabi l i t ies of the Canvas software, especial ly the pa in t ing tools a n d project settings. Th i s 
mode l was not pr in ted as it conta ined some errors inc lud ing , c l ipped bu i ld ings that were 
not mani fo ld a n d b roken road segments. These errors w o u l d have resul ted i n the mode l 
not p r in t ing correctly. The second test mode l was in tended to show ear thquake intensi ty 
on bathymetry a n d topography for a 2023 earthquake i n J a m a i c a . However, it proved 
very chal leng ing to export th i s combinat i on of da ta into a f ina l 3D-pr in tab le form. 
Nevertheless, the steps carr ied out for th i s mode l prov ided ins ight into t rans la t ing paper 
m a p s to 3D-pr in tab le maps. 
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Figure 27 Final CLC model in 3D Builder with the layers coloured with the intended 
filament colours. 
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5 MULTICOLOUR 3D PRINTING 
Th i s chapter goes th rough the process of p r in t ing the acquired a n d designed 3D 

models. The 3 D pr inters used to pr in t the mode ls have different capabi l i t ies as descr ibed 
i n Table 3 a n d each pr inter uses a dedicated s l i c ing appl icat ion. The topics covered i n 
th i s chapter inc lude the conf igurat ion of the mode l a n d the pr inter , p r in t ing processes 
a n d post-process ing steps t aken after the p r in t ing is complete. 

5.1 Model and Printer Configuration 
After des igning the model , the next step is s l i c ing the mode l for pr in t ing . E a c h pr inter 

manufacturer ' s s l i c ing app l i ca t ion has different tools, bu t the m a i n funct ional i t ies are the 
same across a l l the appl icat ions. The s l i c ing app l i ca t ion al lows y o u to configure the mode l 
a n d the pr inter settings. The s l i c ing appl icat ions used to prepare the models for p r in t ing 
were PrusaSl icer , Canvas a n d B a m b u Studio . PrusaSl i cer was used to configure models 
1, 2A, 3A -D , 4 B , 5, 6 a n d 7A -B . Canvas was u s e d to configure models 2 B a n d 4 A and 
B a m b u Studio was used to configure mode l 4C . A l l the pr inters a n d models were 
conf igured to use Polylact ic A c i d (PLA) f i lament w i t h a diameter of 1.75 m m . PLA is the 
most c o m m o n type of f i lament used i n F F F 3 D p r in t ing as it i s inexpensive a n d versati le 
(Andronov et a l . , 2023 ; Stat ista , 2020). 

PrusaSlicer 

For Mode l 1, the STL t e r ra in mode l was loaded into the sl icer a n d the pr inter was 
selected as Or ig ina l P r u s a i3 M K 3 S & MK3S+ . The sl icer has three modes, S imple , 
Advanced a n d Expert . Exper t mode was u s e d for a l l the models i n th i s research to un l ock 
a l l the pr inter a n d f i lament settings. The 0.2 m m QUALITY preset, mean ing a layer height 
of 0.2 m m was selected for a balance between speed a n d detai l a n d the in f i l l was 
ma in ta ined as the default 15%. For th i s model , the mul t i co lour f ina l ou tput was achieved 
by u s i n g the Pause a n d Swap method. The mode l was pos i t ioned correctly on the pr in t 
bed a n d then s l iced. After s l i c ing it i s possible to configure a f i lament change u s i n g the 
M600 c o m m a n d i n the G-code. Two f i lament changes were inserted to create a mode l 
w i th three (3) co lours as s h o w n i n Figure 28. The mode l was s l iced aga in a n d then the 
f ina l G-code was exported. 

Figure 28: Model 1 sliced and coloured in PrusaSlicer. 

For Mode l 2 A the pr inter was selected as Or ig ina l P r u s a X L - 5T Input Shaper 
0.4 nozzle a n d the i nd i v i dua l STL files were imported. The 0.2 m m S P E E D pr in t sett ing 
was selected, a n d each of the five f i laments was changed to the Gener ic PLA preset. 
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The STL files were added to the b u i l d plate by dragging a n d dropp ing them into the 
app l i ca t ion window. A n opt ion was selected to add the objects as a single object w i th 
mul t ip l e parts . The in f i l l for the mode l was set to 1 5 % a n d scaled to 2 0 % of i ts or ig ina l 
size. The mode l a n d the wipe tower were pos i t ioned correct ly o n the b u i l d plate. Under 
the Pr inter Sett ings tab, the colour of each extruder was changed to m a t c h the f ina l 
f i lament co lours to be used . In the contents l ist , for each layer, the specific extruder (one 
to five) was selected to pr in t that layer. A l l the bu i ld ings were exported on a single layer, 
bu t th i s prov ided the opportuni ty to test the m a n u a l pa in t ing capabi l i t ies by pa in t ing 
some bu i ld ings i n white. 

The pa in t ing tool i s accessed th rough the Multimaterialpainting bu t t on o n the left tab. 
The tool i s s h o w n i n Figure 29 below, w i t h the first opt ion a l lowing y o u to ass ign a n 
extruder to the left mouse c l i ck (first colour) a n d the r ight mouse c l i ck (second colour). 
After select ing the co lours, it i s possible to select the specific tool type to be used , w i th 
the opt ions be ing B r u s h , Smar t f i l l a n d Bucke t f i l l . The B r u s h tool type al lows y o u to 
pa int faces based on the selected b r u s h shape a n d the b r u s h size. The Sphere b r u s h 
shape pa in ts a l l faces ins ide the sphere regardless of or ientat ion. The C i rc le b r u s h shape 
only pa in ts faces i n the current camera d i rect ion a n d the Tr iangles b r u s h shape pa in ts 
i nd i v i dua l tr iangle faces. The Smar t f i l l tool pa in ts a region u p to a sharp edge a n d the 
Bucke t f i l l tool pa in ts ne ighbour ing faces w i t h the same colour. Hover ing over each bu t t on 
gives a short descr ipt ion of the tool 's funct ion. G iven the shape of the bu i ld ings , 
a comb ina t i on of the Smar t a n d Bucke t f i l l was used to pa in t the bu i ld ings . After pa int ing , 
the mode l was s l iced a n d exported to a U S B drive. 
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Figure 29 Painting tool options in PrusaSlicer. 

The conf igurat ion of Models 3A -D started s imi la r l y to the prev ious models w i t h the 
ind i v i dua l layers be ing ass igned a n extruder w i t h a specific colour. For th i s mode l 
m a x i m u m detai l was required, hence the Pr int sett ings preset was set to 0 .1mm FAST 
DETAIL , mean ing a layer height of 0.1 m m . In PrusaS l i cer y o u c a n apply specific settings 
to i nd i v i dua l layers. For Mode l 3 A a n d 3 B , i ron ing was enabled for the top surfaces of the 
metro l ines to give them a smooth f in ish . For Mode l 3 B , i ron ing was also enabled for the 
top surface of the base. The layers conta in ing the brai l le text were configured to s low 
down the p r in t ing speed to improve the qual i ty of dots seeing as they were designed w i th 
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r ounded tops. Under the E x t r u s i o n W i d t h settings, External perimeters a n d Perimeters 
were reduced to 0.4 mm f rom 0.45 m m . Under the Speed settings, the p r in t speed of 
Small perimeters was reduced f rom 150 m m / s to 5 mm/s. E a c h mode l i n the series 
was s l iced a n d the G-code was exported. 

Mode l 4 B was downsca led to 3 0 % of i ts designed size to reduce the pr in t t ime across 
a l l the pr inters tested. The layer height was set as 0.2 m m as a l l three pr in te rs were able 
to p r in t w i t h th i s setting. The layers were co loured by selecting the extruder w i t h the 
desired colour. Suppor t s were enabled for the m a i n sect ion of the mode l to a l low because 
of the spher i ca l base shape. The s l iced mode l was exported to a U S B drive for transfer to 
the printer. 

Seeing as Mode l 5 was more "map- l ike " a n d the desire was to m a i n t a i n as m u c h detai l 
as possible, the Pr int sett ing was set to the preset 0 . 1 m m FAST DETAIL . The provinces 
were co loured manua l l y u s i n g the B r u s h tool (specifically the Tr iangles b r u s h shape) a n d 
Smar t F i l l tool. E a c h extruded par t was co loured u s i n g the left a n d r ight mouse but tons . 
Th i s mode l h a d m a n y faces that needed to be co loured because of the complex shape of 
the province boundar ies . 

For Mode l 6, the or ig ina l in tent ion was to create a mode l w i t h five co lours, however, 
after test ing different designs of the map legend, it was discovered that a s i x th colour 
cou ld be added. The text a n d n u m b e r s i n the legend a l l s tarted at a specif ic height and 
th i s provided the opportuni ty to perform a M600 filament change o n one of the 
extruders. The layer height for the mode l was set to 0.1 m m for m a x i m u m detai l seeing 
as the mode l h a d s m a l l text a n d numbers . For the legend layer, under the E x t r u s i o n 
W i d t h settings, External perimeters a n d Perimeters were reduced to 0.4 mm. Under 
the Speed settings, the pr in t speed of Small perimeters was reduced from 150 m m / s to 
10 mm/s. The chart symbo ls were manua l l y co loured u s i n g the Smar t F i l l a n d Bucke t 
f i l l tools, whi le the colour for the other layers was ass igned by the specific extruder colour. 
The mode l was then s l iced to implement the f i lament change o n Ex t ruder 2 from white to 
b lack at a height of 2.6 m m as s h o w n i n Figure 30 below. 
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Figure 30 Filament change configured in PrusaSlicer for one extruder on the Prusa XL. 
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For Models 7 A a n d 7 B , the layer height was set to 0.1 m m to m a i n t a i n as m u c h detai l 
as possib le i n the map. Seeing as these mode ls h a d m a n y s m a l l areas that wou ld require 
co lour changes, the in f i l l of a l l the layers was set to a single extruder. T h i s was achieved 
by add ing a n Extruders setting o n each layer for the Infill extruder; w h i c h was set to 
extruder 3 for bo th models. A f i lament change was also conf igured at a height of 1.8 m m 
for extruder 5 to go from white to b lack as shown i n Figure 31 below. T h i s change was 
done to pr in t the text i n the legend, map labels a n d the map title i n a more contrast ing 
colour. For the legend, map labels a n d map title layers, the sett ings for External 
perimeters a n d Perimeters were reduced to 0.4 mm a n d the pr in t speed of Small 
perimeters was reduced from 5 mm/s. For the legend, the swa tch of each layer was 
manua l l y pa in ted u s i n g the Smar t f i l l tool a n d a modi f icat ion box was added a r o u n d the 
swatches to enable i r on ing o n the top of the surfaces. E a c h mode l was s l iced again, and 
the G-code was exported. 
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Figure 31 Model 7A sliced preview with filament change for text and labels. 

Canvas 

The first step t aken before work ing w i t h a mode l was selecting the pr inter preset as 
P r u s a M K 3 S f rom the l ist of options. A new project was created on the M y Projects and 
then the Palette 3 Pro was selected as the device to be used . A t th i s stage, the desired 
co lours were selected for each of the i n p u t s into the Palette 3. The STL file for Mode l 2 B 
was added to the b u i l d plate a n d pos i t ioned accordingly to leave sufficient space for the 
wipe tower. Mode l 2 B was manua l l y co loured to test the pa in t ing tools i n Canvas . In the 
Paint tool, as s h o w n i n Figure 32 , four b r u s h tools are avai lable a n d a f i lament colour 
selector. The Facet tool pa in ts i nd i v i dua l tr iangle faces, the Sphere tool a l lows y o u to 
select a sphere size a n d pa int freely, the F i l l tool pa in ts a n entire connected sect ion, and 
the S tamp tool a l lows y o u to up l oad a n image, simpli fy the image co lours u s i n g the 
available f i laments a n d then paste the image o n the model . 
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Figure 32 Painting tool options in the Canvas application. 

For Mode l 4A, the five STL files were added to the b u i l d plate as a mul t i -mate r i a l model . 
U s i n g the drag-and-drop funct ional i ty , each layer was co loured by dragging the desired 
colour onto each layer. In the project settings, it i s possible to make changes to the pr inter 
settings s u c h as the layer height, in f i l l , a n d perimeters. For th i s model , suppor t s were 
enabled s imi lar l y to the conf igurat ion i n PrusaS l i cer for Mode l 4 B . Lastly, the co loured 
mode l was s l iced (visible i n Figure 33) a n d downloaded i n a ".mcfx" file w h i c h i s a z ip file 
w i th the G-code a n d other metadata. 

= f§ Canvas Q Sea»c»i Canvas earth structure 
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Figure 33 Sliced preview of Model 4A in Canvas. 

Bambu Studio 

For Mode l 4C , the first step i n the p r in t ing process was conf igur ing B a m b u Studio . 
Under the Prepare tab, the pr inter preset was selected as B a m b u Lab P I S 0.4 nozzle and 
the plate type was set as Textured PEI Plate. The next step was to add the A M S under the 
f i lament sett ings to a l low for the conf igurat ion of the co lours to be used . After add ing the 
A M S , each f i lament was set to generic PLA from the preset opt ions a n d the five co lours 
were selected to m a t c h Models 4 A a n d 4 B . The system preset was ma in ta ined as 0.12 
m m H igh Qua l i t y @ B a m b u X 1 C . The STL files were added to the b u i l d plate and 
dup l i ca ted to have 1 mode l at 3 0 % pr in t scale a n d two dupl icates at 5 0 % pr in t scale. 
Pre l iminary s l i c ing showed that the 3 0 % scale mode l (matching Mode l 4A) w o u l d not p r in t 
the Ear th ' s c rus t layer correctly, hence a 5 0 % scale mode l was added that wou ld pr in t 
the layers correct ly (shown i n Figure 35). A s w i t h Mode l 4 A a n d 4 B , suppor ts were enabled 
to a l low for the p r in t ing of the spher i ca l shape. 
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Figure 34 Painting tool options in Bambu Studio. 

In B a m b u Studio , the co lour ing opt ions are f ound under the Color Painting bu t t on i n 
the tools pane l . A s shown i n Figure 34 above, the tool types avai lable for co lour ing the 
mode l are Circle, Sphere, Triangle, Height Range, Fill a n d Gap Fill. S imi la r l y to 
PrusaSl icer , there i s a cross-sect ioning tool that a l lows y o u to spl i t the mode l to manua l l y 
pa in t a specific sect ion w i thout affecting others. The Circ le , Sphere a n d Tr iangle tools 
work s imi lar l y to those i n PrusaSl i cer a n d Canvas . Un ique to B a m b u Studio i s the Height 
Range tool that co lours a l l faces between a specif ied height range. The F i l l tool 
co lours a group of connected faces u p u n t i l there i s a face w i t h a different colour. The 
Gap F i l l tool wo rks to refine the resu l ts of a l l the other tools by automat ica l ly detecting 
sma l l gaps a n d f i l l ing them w i t h the colour of a ne ighbour ing group of faces. These tools 
were tested to successful ly co lour Mode l 4C . However, for the f ina l model , seeing as the 
ind i v i dua l layers were present it was possib le to select a single f i lament co lour for each 
layer, hence s impl i fy ing the co lour ing process. After co lour ing the model , i t was s l iced 
a n d the resul t c a n be seen i n Figure 35 below. 

Figure 35 Sliced preview of Model 4C in Bambu Studio. 
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Waste Reduction 

One of the most notable d rawbacks of mul t i co lour 3D p r in t ing i s the p roduc t i on of 
waste f i lament i n the co lour-chang ing process. A s ment ioned i n prev ious sections, each 
pr inter produces waste i n different quant i t ies a n d formats as s h o w n i n Figure 36 below. 
P r u s a X L is very efficient i n the co lour-chang ing process as it uses different tools, whi le 
the other devices are sp l i c ing the f i laments together to cont inue pr in t ing . 7 0 % of the 
models i n th i s research were pr in ted u s i n g the P r u s a X L to reduce mater ia l waste and 
pr in t t ime (ultimately r educ ing electricity consumpt ion) . Some of the steps t aken to 
improve waste management a n d efficiency i n the p roduc t i on of the mode ls inc luded : 

• For the Palette 3 Pro, the Use infill for transition sett ing was enabled to a l low the 
device to use some of the t rans i t i on ing f i lament as in f i l l ins tead of p lac ing it i n the 
wipe tower. S imi la r settings, Flush into objects' infill a n d Flush into objects' support 
are available i n B a m b u Studio a n d were enabled for Mode l 4C . 

• For the Palette 3 Pro, it was possible to use a variable t rans i t i on length w h e n 
swi tch ing between f i lament colours. In test ing th i s me thod for Mode l 4A, the 
m i n i m u m t rans i t i on l ength was set to 95 m m a n d the m a x i m u m was ma in ta ined 
at 105 m m . Lower m i n i m u m va lues were tested bu t the software experienced a n 
error a n d wou ld not sl ice the mode l w i t h these lower m i n i m u m lengths. F r o m th is 
outcome, f ind ing the op t ima l m i n i m u m a n d m a x i m u m lengths is a n iterative 
process a n d c a n vary between models a n d f i lament colours. 

• For the P r u s a X L , it was possible to set the in f i l l to a single extruder a n d th i s he lped 
to s l ightly reduce the pr in t t ime a n d the size of the wipe tower. For example, i n 
Mode ls 7 A a n d 7 B , the in f i l l was set to the extruder w i t h the red f i lament colour 
a n d th i s h a d no impact on the overal l appearance of the f in ished model . 

• For the B a m b u A M S , mul t ip l e models (duplicates) were pr in ted at the same time 
to reduce the overal l amount of f i lament waste. The n u m b e r of co lour t rans i t ions 
r ema ins the same for single or mul t ip l e models. 

• In the A M S contro ls i n B a m b u Studio , i n the f lush ing vo lumes sett ing, the 
mul t ip l i e r was reduced from 1.0 to 0.6. T h i s change caused the f i lament usage to 
decrease from 600 g to 415 g, w h i c h was a 3 1 % reduct ion. 

Figure 36 Comparison of waste material produced by a) Prusa XL wipe tower b) Palette 3 
Pro wipe tower and c) Bambu AMS waste strips. 
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5.2 Printing the Models 
Prusa i3 MK3S 

The pr inter was powered on u s i n g the sw i t ch at the rear of the device. The p r in t bed 
was removed f rom the pr inter a n d checked to be clear of any debr is a n d a t h i n coat of 
adhesive spray was appl ied. The pr in t bed snaps into place o n the heat bed as it is 
magnetic. The first f i lament co lour was moun t ed o n the f i lament holder a n d the f i lament 
was inserted into the top of the extruder. Next, the S D ca rd w i t h the G-code for the mode l 
was inserted into the S D ca rd slot o n the pr inter. U s i n g the L C D pane l a n d the scro l l 
knob , the mode l was chosen a n d the opt ion to start the p r in t was selected. After th is , the 
pr inter began to heat the pr in t bed to 60° C a n d the nozzle to 215° C. The pr inter then 
performed the auto bed level l ing a n d X - Y geometry ca l ibra t ion funct ions to ensure the 
pr in t bed a n d extruder were ready for pr in t ing . The nozzle began to extrude the f i lament 
to form the first layer a n d cont inued upwards . 

The p r in t ing was checked occasional ly to ensure everything was progressing 
smoothly. At the po int of the f i lament change, the pr inter paused a n d p u s h e d the f i lament 
out of the extruder. The user h a d to complete the f i lament un load ing a n d load ing the new 
fi lament. After load ing the f i lament, the sc ro l l k n o b was used to purge the o ld f i lament 
from the extruder u n t i l the correct colour was be ing extruded. The pr inter cont inued 
p r in t ing after selecting that the f i lament change was completed correctly. A second 
f i lament change was executed after a few h o u r s to produce Mode l 1 w i t h three colours. 
The p r in t ing was completed overnight a n d at the end of the pr int , the pr inter 
automat ica l ly d isab led the heat ing based o n a safety t imer. The f in ished mode l was 
carefully removed from the pr in t bed a n d the surface was cleared of any r ema in ing debris. 

Prusa i3 MK3S and Palette 3 Pro 

The Palette 3 Pro was powered on, a n d the device was connected to the pr inter v ia 
U S B . A layer of adhesive spray was appl ied to the pr in t bed a n d the ca l ibra t ion of the 
Palette 3 was checked as it was not i n use for a n extended period. The device gu ided the 
user th rough the ca l ibrat ion check w h i c h inc luded steps s u c h as check ing for f irmware 
updates a n d check ing the outgoing tube length (80 cm) connected to the pr inter . The 
f i laments were p laced into the f i lament holder for feeding into the device. U s i n g a U S B 
drive, the .mcfx file w i t h the mode l was inserted into the device. Us ing the touchscreen, 
the mode l was selected for pr in t ing . Palette 3 then started the p r in t ing process by 
request ing each f i lament be loaded into the respective port number ed one to eight. The 
f ina l setup of the Palette 3 c a n be seen i n Figure 37a . After a l l the f i laments were loaded, 
the pr inter then began preheat ing, a n d Palette 3 started to spl ice the f i lament together 
(shown i n Figure 37b) to create the colour order needed to pr in t the model . The sp l iced 
f i lament was p u s h e d th rough the outgoing tub ing a n d the device d isp layed a pop-up 
adv is ing ho w to feed the sp l iced f i lament into the extruder. The tub ing was then 
connected to the extruder a n d the pr in t started. The extruder moved between the mode l 
a n d the wipe tower to purge between the colour changes as s h o w n i n Figure 37c below. 
The mode l was checked intermit tent ly a n d i n the case of Models 2 B a n d 4A, they were 
left to p r in t overnight due to the long pr in t t ime. At the end of the pr int , the mode l a n d 
the wipe tower were removed from the pr in t bed. The pr inter a n d Palette 3 were powered 
off after removing the model . 
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Figure 37 a) Setup of the Palette 3 Pro for Model 2B. b) Spliced filament being fed to the 
outgoing tube, c) Spliced filament being used to print the model and the wipe tower. 

Prusa X L 

The pr in t bed was removed f rom the pr inter a n d checked for any unwan t ed debris 
a n d a layer of adhesive spray was appl ied. The p r imed bed was then p laced on the 
magnet ic heat bed w i t h gu id ing p i n s at the back for correct a l ignment. U s i n g the screen 
a n d scro l l knob , the f i lament sett ings were accessed to l oad the five f i laments into the 
pr inter . Load filament was selected a n d then Tool 1 was selected from the l ist. The tool 
changer then moved Tool 1 f rom the pa rked pos i t ion to over the pr in t bed a n d started to 
preheat the extruder. The spool of f i lament was placed o n the f i lament holder on the side 
of the pr inter a n d the f i lament was fed into the label led tub ing for Too l 1 u n t i l i t reached 
the f i lament sensor i n the extruder, as s h o w n i n Figure 38a . After be ing prompted by the 
screen to cont inue, the f i lament type was selected as PLA 215/60 a n d the f i lament was 
pu l l ed into the extruder. Purge more was selected to ensure the f i lament co lour be ing 
extruded was correct. Th i s f i lament- loading process was repeated for the other four tools. 

After load ing the f i laments, the U S B drive conta in ing the G-code was inserted into the 
pr inter . The software automat ica l ly detects the most recently added G-code file w h e n the 
U S B is inser ted a n d loads th i s mode l on the screen. If another file i s desired, the scro l l 
k n o b c a n be used to browse a n d select a different model . W i t h the mode l selected, the 
Print b u t t o n was selected by press ing down on the scro l l knob . A n overview screen 
presents in format ion about the p r in t t ime a n d f i lament co lours that were conf igured i n 
PrusaSl icer . These co lours c a n be checked w i th the f i laments loaded into the pr inter 
before proceeding. W i t h the sett ings conf irmed, the p r in t ing process started. The pr inter 
started to heat the pr in t bed a n d the nozzle. T h i s was followed by the automat ic bed 
level l ing a n d check ing each of the five tools for free movement from the pa rked posi t ion. 
E a c h tool was then used to extrude a s m a l l amount of f i lament at the edge of the pr in t 
bed, outs ide the pr in t area. After a l l these ca l ibra t ion steps were completed, the pr in t 
started. The progress of the pr inter was checked intermit tent ly for any errors. Before and 
after u s i n g each tool, a sma l l amount of f i lament i s extruded into the wipe tower to 
m a i n t a i n colour integrity. T h i s resu l ts i n a relatively s m a l l wipe tower at the end of the 
p r in t ing i n compar i son to the overal l mode l size, as s h o w n i n Figure 38b a n d c below. 
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Figure 38 a) Filament loaded into Tools 1, 2 and 3 on the Prusa XL. b) Model 2A printing on 
the Prusa XL. c) Completed 5-colour model with the small wipe tower to the left. 

Bambu PIS and Bambu AMS 

The 3 M F file for Mode l 4 C was sent to the pr inter v i a a W L A N connect ion to start 
pr in t ing . Also, it i s possible to up l oad files to the pr inter u s i n g a M i c r o S D card . Two A M S 
devices were connected to the pr inter , a l lowing u p to eight co lours to be pr inted . The first 
attempt at p r in t ing was p lagued by several pauses by the pr inter . The root cause of th i s 
challenge was f i lament-related a n d i s noted i n the sect ion 5.2.3 Pr in t ing Chal lenges 
below. T h i s caused the first attempt to cont inue for approximate ly three days. The mode l 
p r in ted part ia l ly , bu t a second attempt was made to pr in t the m a i n s t ruc ture of the model . 
The p a u s i n g issue persisted, a n d the f ina l mode l was pr in ted over three days. 

5.2.1 Safety Measures 
W h e n wo rk ing w i t h 3 D pr inters it i s impor tant to follow general safety measures to 

prevent exposure to potent ia l hea l th a n d safety hazards . One of the first steps under taken 
before the p roduc t i on of the mode ls i n th i s research was ga in ing a better unders tand ing 
of the r i s k s associated w i t h F F F pr inters a n d the necessary safety pract ices and 
procedures. Accord ing to in format ion from the Nat iona l Institute for Occupa t i ona l Safety 
a n d Hea l th i n the Un i t ed States (2023) a n d A113DP (2022), some of the potent ia l hazards 
of F F F p r in t ing inc lude , bu t are not l imi ted to: 

• Fire haza rd f rom electr ical faults or heat ing-related fai lure 
• Mechan i ca l hazards (cutt ing yourse l f w h e n removing suppor t s or by sharp edges 

a n d gett ing your finger p inched or b u r n e d by the nozzle) 
• Inhalat ion of unsafe a irborne par t icu lates [volatile organic compounds (VOCs)] 
• E lec t r i ca l shock from the h i gh voltage of the pr inter 

To reduce these potent ia l r i sks , the fol lowing measures were t aken w h e n pr int ing : 

1. Before Printing 
a. Review the specific pr inter 's ins t ruc t i ons a n d operat ions m a n u a l . 
b. Inspect the pr inter to ensure it i s c lean a n d i n good work ing condi t ion. 

2. During Printing 
a. Avo id t ouch ing the hot p r in t bed a n d extruder whi le i n operation. 
b. L imi t the t ime spent observing the pr inter whi le it i s i n operation. 

3. After Printing 
a. Coo l down a n d t u r n off the pr inter. 
b. C l ean u p the p r in t bed a n d su r round ings of any waste mater ia l . 
c. W a s h h a n d s after hand l i ng the f i lament a n d pr inted objects. 
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5.2.2 Post-processing Steps 
F F F p r in t ing resu l ts i n mode ls hav ing layer l ines, seam l ines a n d suppor t m a r k s that 

need post-process ing to improve the overal l appearance of the model . The steps that were 
t aken for the models produced i n th i s research inc luded : 

• Careful ly removing supports . 

• D i sposa l of the wipe/purge tower. 

• U s i n g a f i lament cutter a n d tweezers to remove unwan t ed pieces of extruded 
f i lament. Research th rough onl ine 3 D pr in t ing forums showed that a heat g u n 
cou ld be used to remove the t h i n "s tr ing ing" that happened du r ing pr in t ing . 
However, th i s method was not tested. 

• U s i n g sandpaper to smooth areas where the layers were r ough or extra smoothness 
was necessary. Some of the brai l le dots were smoothed u s i n g sandpaper . 

5.2.3 Printing Challenges 
Throughout the p r in t ing process, some chal lenges were encountered a n d have been 

out l ined below. Most of these chal lenges were resolved, bu t some impacted the f ina l 
products . 

• Palette 3 Pro r a n into a n issue load ing f i lament f rom the device into the pr inter. 
Somet imes the f i lament was not inserted correctly into the pr inter th rough the 
tub ing a n d un load ing the f i lament f rom the pr inter caused the Bowden tub ing to 
become detached. The so lu t i on was to re insert the tub ing a n d carefully l oad the 
f i lament at the start of the pr int . 

• The Palette 3 Pro Velcro at tached piece for ho ld ing the tub ing to the pr inter 
detached on two occasions. The piece was then secured u s i n g glue a n d tape. 

• Palette 3 Pro experienced two f i lament j a m s caused by u s i n g o ld a n d britt le 
f i lament. 

• B o t h the P r u s a X L a n d Palette 3 Pro experienced s l i c ing errors w i th s t reaks of 
misp laced co lours i n Mode ls 2 A a n d 2B . A n update released for PrusaSl icer 
subsequent ly f ixed these s l i c ing issues. 

• Palette 3 Pro experienced signif icant colour bleed on Mode l 4A. 

• O n the P r u s a X L , a loose screw on one tool resu l ted i n a prob lem w i t h the tool not 
pa rk ing properly. Th i s caused repeated pr inter co l l i s ion errors. The temporary 
so lut ion was to proper ly pa rk the tool manua l l y . The pr in t cont inued after the 
proper pa rk ing was done a n d the pr inter completed a hom ing process to recal ibrate 
the p r in t head w i t h the bed. The screws were t ightened, a n d a l l subsequent 
p r in t ing proceeded wi thout error. 

• O n Mode l 7 B u s i n g the P r u s a X L , the b lack f i lament was defective/old a n d 
caused a b lock i n the extruder. T h i s resul ted i n the labels a n d map title not being 
pr inted . The blockage was purged after the mode l was pr inted. 

• Whi le p r in t ing Mode l 4 C o n the B a m b u P I S , the pr inter paused p r in t ing several 
t imes because of the f i lament spoo l shi f t ing i n the A M S . The shi f t ing was a resu l t 
of u s i n g n o n - B a m b u f i lament spools i n the A M S . The shi f t ing of the f i lament spoo l 
caused the f i lament to get tangled w i t h other spools i n the A M S . The extended pr in t 
t ime resul ted i n the suppor ts fus ing to the mode l near the base as the b u i l d plate 
was heated a n d cooled several t imes. T h i s fus ing made the suppor ts very h a r d to 
remove. 
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6 USER TESTING 
Th i s chapter gives a n overview of the user test ing exercises that were carr ied out to 

determine the qual i ty of the mul t i co lour mode ls th rough user feedback. Init ial ly, only one 
exercise was p lanned w i t h the pub l i c u s i n g Mode l 6. However, the opportuni ty arose to 
conduct a second user test ing exercise w i t h use rs w i t h v i sua l impa i rments . T h i s was idea l 
as Models 3A -D were designed specif ical ly for th i s user group. 

General Public 

A user test ing exercise was devised to be carr ied out w i t h Mode l 6: Popula t ion 
S t ruc ture Pardubický kraj . The par t i c ipants i n th i s exercise were ma in l y s tudents 
s tudy ing i n different areas s u c h as Geoinformatics, Biology a n d Mathemat i cs a n d h a d 
vary ing levels of knowledge of u s i n g a n d read ing maps . A quest ionnaire was developed to 
ask quest ions about map content a n d interpretat ion, general feedback about the qual i ty 
of the model , a n d quest ions compar ing the mode l to the equivalent paper map . The 
quest ionnaire was t rans formed into a dig i ta l form u s i n g ArcGIS Survey 123. The fu l l 
quest ionnaire i s avai lable i n A t tachment 1 for reference. 

The survey was carr ied out u s i n g mobi le devices w i t h the Survey 123 appl icat ion 
between M a r c h 18 a n d A p r i l 2, 2024. The researcher conducted the user test ing w i th 
ind i v idua ls who cou ld speak E n g l i s h at a level good enough to unde r s t and the 
exp lanat ion of the exercise. One of the par t i c ipants of the test c a n be seen i n Figure 39 
interact ing w i t h the mode l before answer ing the quest ions. The survey was made avai lable 
i n E n g l i s h a n d Czech u s i n g a t rans la t i on funct ion i n S u r v e y l 2 3 . Some of the par t i c ipants 
preferred to complete the quest ionnaire i n the Czech language for ease of unders tand ing . 

Figure 39 A participant from the user testing exercise interacting with the model before 
completing the questionnaire. 

The quest ionnaire was s t ruc tured i n four sect ions. After the in t roduct ion , part one 
asked map interpretat ion quest ions based on the content s h o w n i n the map field a n d the 
legend. There was no t ime l imi t o n answer ing the quest ions a n d a l l the quest ions i n th is 
sect ion were mandatory . Sect ion two asked general feedback quest ions about the use rs ' 
knowledge of maps , op in ions about the layout, the use of co lours a n d the legend. A l l the 
quest ions i n th i s sect ion were mandatory . The format of the survey for sect ions one a n d 
two c a n be seen i n Figure 40 below. Part three of the quest ionnaire h a d the user interact 
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wi th the 3D-pr in ted map a n d the equivalent paper map (shown i n Figure 41). After th is , 
the user was asked w h i c h of the two med i a they preferred. The user cou ld also provide 
add i t i ona l feedback i n th i s sect ion. The last sect ion asked the user for opt ional 
demographic informat ion. 

Map Interpretation £ 
Please answer the following questions about ihe contents of the map. 

Can you identify which administrative area has the lowest population 
density?* 

Q Svrlavy 

Can you identify which 2 administrative areas have the highest 
population densities?* 

I Pardubice _ J V y s o k é Myto 

Chrudim 

Which age group is the largest in Zamberk?* 

Q 0-14 O 15-64 Q 65 and over 

General r 
Please examine the 3D-printed map and the following questions. 

How familiar are you with using and reading maps?* 

E.g. printed maps or web maps such as Google Maps, etc 

Extremely 
familiar 

Very familiar Moderately Slightly familiar Not familiar 
familiar 

How much do you agree or disagree with the following statements 
about the map layout? 

Strongly 
Agree 

Agree Neutral Disagree 
Strongly 
Disagree 

The pie {hart* on the 
map are legible and 
well placed.* 

O O O O O 

The population 
density of 
munci politic* • • co*y 
to read.* 

O O O O 

The size of the map is 
good for 
understanding the 
information s h o w n * 

o O o o O 

Figure 40 Format of the questionnaire in Survey 123. 

P O P U L A T I O N S T R U C T U R E 
Pardubický kraj, 2 0 2 3 // 

Population Total Age Group 
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Figure 41 Paper map used for comparison in the user testing exercise. 
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Users with Visual Impairment 

Models 3 A a n d 3 B from the P r a h a Metro mode l set a n d Mode l 7 A from the l a n d cover 
set were tested by s tudents i n Prague. These s tudents h a d vary ing levels of v i s u a l 
impa i rment , f rom complete b l indness to hav ing some r emnants of sight. Par t i c ipants i n 
the test c a n be seen i n Figure 42 a n d Figure 43 below. The s tudents tested the 3 D models 
a n d other mapp ing produc ts created by researchers i n the KGI department. RNDr . A l ena 
V O N D R A K O V A , Ph .D . , L L . M . was the contact person a n d collected a n d shared the 
feedback from the students . 

Figure 42 Visually impaired user interacting with Model 3B. 

Figure 43 Visually impaired user interacting with Model 3A. 
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7 BOOKLET CREATION 
The goal of creat ing a booklet for th i s research was to showcase the resu l ts a n d 

f indings i n a s imple a n d user- fr iendly format. The in tended audience for the booklet i s 
the current a n d future users of the KGI 3 D Lab a n d other researchers interested i n 
creat ing 3D-pr in t ed geovisual isat ions. The two m a i n components of prepar ing the booklet 
were des ign a n d pr int ing . The des ign process was iterative a n d involved m a n y revis ions 
to capture a l l the resu l ts i n a v isua l ly p leas ing way whi le prov id ing impor tant descriptive 
text g iv ing a n overview of the research. 

Design 

Adobe InDesign was the m a i n software u s e d to collate the in format ion a n d des ign the 
booklet. Adobe I l lustrator was also used to create graphic elements for the booklet a n d 
the accompany ing thes is poster a n d website. To make the booklet easier to h o l d a n d more 
inv i t ing, A 5 (210 x 148 mm) page size i n landscape format was selected. A key component 
of the des ign was the u t i l i sa t i on of h igh-qual i ty images to capture the best v iew of the 
3D-pr in t ed models a n d users interact ing w i t h the models. The booklet also conta ins t ips 
a n d resources for creat ing 3D-pr in tab le geovisual isat ions. The booklet was designed i n 
the C M Y K colour space as the product was intended to be pr inted. 

Parent pages were created to s tandard ise the layout of the booklet as s h o w n i n Figure 
44. The m a i n elements o n the parent pages i nc luded the page title, page n u m b e r and 
image frames. The colour palette for the des ign was compr ised of four m a i n colours, 
ye l low (C=0, M=10, Y=80, K=0), b lue (C=80, M=30, Y=30, K=0), green (C=40, M=0, Y=100, 
K=0) a n d red (C=20, M=100, Y=100, K=25). Before impor t ing the images into the design, 
they were upsca l ed to 300 DPI. The upsca l ing was done u s i n g Adobe Photoshop Image 
Processor to b a t c h process a l l the images. The upsca l ing act ion was created a n d saved 
a n d then appl ied u s i n g the Image Processor a n d the resu l t ing upsca l ed images were saved 
i n the designated folder locat ion. Other g raph ics were added as S V G to m a i n t a i n qual i ty 
w h e n export ing the f ina l booklet. 

Figure 44 Booklet layout in Adobe InDesign. 
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Printing 

The booklet was exported as two P D F files, one for p r in t p roduc t i on a n d another for 
web viewing. The web P D F was exported as a n interactive P D F to m a i n t a i n hype r l inks 
a n d bookmarks . The pr in t p roduc t i on vers ion was exported u s i n g the P D F / X - l a : 2 0 0 1 
s tandard at a reso lut ion of 300 DPI. A s s h o w n i n Figure 45 , crop m a r k s a n d a 3 m m bleed 
were enabled to ensure precise p r in t ing a n d cut t ing of pages by the pub l i sh ing house. 
The colour profile was set to Coated F O G R A 3 9 (ISO 12647-2:2004) . The booklet was 
pr in ted on Xerox Colotech 280 g paper a n d assembled w i t h Wire-O b ind ing . 

Figure 45 An example page featuring crop marks and bleed from the print PDF. 
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8 RESULTS 
In th i s chapter, the models designed a n d pr in ted are presented. The quant i ty of waste 

produced from each pr in t a n d a compar i son between pr in te rs i s also showcased. The 
resu l ts of the user test ing survey are descr ibed i n detai l a n d the feedback from the 
v i sua l l y impa i r ed users i s also presented. However, g iven the t ime constra ints of th i s 
research, most of the improvements needed for the models have been noted for future 
research. 

8.1 Multicolour Models 
In achiev ing the p r imary objective of th i s research, a series of 3D-pr in t ed mul t i co lour 

geovisual isat ions were produced w i t h the pr inters avai lable i n the 3 D Lab. Table 4 gives 
a n overview of the 14 models that were pr in ted u s i n g PLA f i lament a n d the 2 test models 
that were not pr in ted bu t were used to develop the methods descr ibed i n Chapter 4 Des ign 
of 3 D Models. F igure 46 gives a preview of a l l the pr in ted models, w i t h the fu l l detai ls of 
each mode l be ing avai lable i n A t tachment 2. The phys i ca l models are also avai lable as 
Free A t tachments 5-17. 

Table 4 List of the completed and test models. 

# Name Scale # of 
colours 

Dimensions 
[mm] (LxWxH) 

Printer 

1 Kingston Mountains 1 : 2 5 , 0 0 0 3 1 1 7 x 1 1 4 x 3 0 Prusa i 3 M K 3 S 

- Jamaica Earthquake 5 

- City of Luxembourg 4 

2A New York City -- 5 1 8 1 x 2 2 5 x 5 9 Prusa XL 

2B New York City 1 : 6 , 5 0 0 3 1 3 1 x 1 5 7 x 8 4 
Prusa i 3 M K 3 S 

& Palette 3 Pro 

3A Praha Metro Map N/A 5 3 0 1 x 2 1 3 x 7 Prusa XL 

3B Praha Metro Line A N/A 5 1 6 8 x 2 4 2 x 6 Prusa XL 

3C Praha Metro Line B N/A 5 1 6 2 x 3 2 9 x 6 Prusa XL 

3D Praha Metro Line C N/A 5 1 6 2 x 2 8 1 x 6 Prusa XL 

4A Earth Structure 1 : 3 3 3 , 0 0 0 , 0 0 0 5 6 9 x 7 3 x 3 8 
Prusa i 3 M K 3 S 

& Palette 3 Pro 

4B Earth Structure 1 : 3 3 3 , 0 0 0 , 0 0 0 5 8 1 x 6 8 x 3 8 Prusa XL 

4C Earth Structure 1 : 2 0 0 , 0 0 0 , 0 0 0 5 2 0 3 x 1 6 2 x 6 4 
Bambu PIS & 
AMS 

5 
Austria Population 
Density 2 0 2 3 

1 : 5 , 0 0 0 , 0 0 0 4 1 7 0 x 8 7 x 9 Prusa XL 

6 Population Structure 
Pardubický kraj 

1 : 5 0 0 , 0 0 0 6 2 5 7 x 1 9 0 x 1 3 . 5 Prusa XL 

7A Lucerne Land Cover 
OSM 

1 : 4 0 , 0 0 0 6 2 1 1 x 1 4 9 x 1 3 Prusa XL 

7B 
Lucerne Land Cover 
CLC 

1 : 4 0 , 0 0 0 6 2 1 1 x 1 4 9 x 1 3 Prusa XL 

Completed Test Model 
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Figure 46 Preview of all the printed models. 
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8.2 Multicolour 3D Printing Booklet 
The booklet provides a n easy-to-read overview of mul t i co lour F F F 3 D pr in t ing and 

shares va luable ins ights from th i s research. The A 5 form factor of the booklet makes 
it a qu ick handhe ld resource for add i t i on to the KGI 3 D Lab. The phys i ca l booklet i s 
avai lable as Free A t tachment 3 a n d a view c a n be seen i n Figure 47. A dig i ta l f l ipbook 
vers ion was pub l i shed on I s suu a n d i s avai lable H E R E . 

Figure 47 Printed Multicolour 3D Printing booklet. 

8.3 Waste Management 
Based on the methods appl ied i n Chapter 5.1 Mode l a n d Pr inter Conf igurat ion, the 

wipe tower from each pr in t was photographed a n d weighed before d isposal . Table 5 shows 
the amount of waste p roduced by each model , w i t h the least waste by percentage 
h ighl ighted i n green a n d the most wasteful h ighl ighted i n orange. Mode l 1 used the Pause 
a n d Swap method a n d produced no waste, m a k i n g it the most env ironmental ly friendly. 
For Mode l 4C , three copies were pr in ted i n the same sess ion w i t h a m i n i m a l increase i n 
waste a n d p r in t t ime. 

Table 5 Waste produced, and total filament used for printing each model. 

# Printer Print Time Waste (g) Total filament (g) Percentage of waste 

2 A Prusa XL 14h 08m 10 2 5 4 4% 

2 B Palette 3 Pro 18h01m 153 2 0 9 73% 

3 A Prusa XL 10h 22m 5 1 6 5 3% 

3 B Prusa XL 9h 34m 3 1 0 9 3% 

3 C Prusa XL 7h 26m 3 141 2% 

3 D Prusa XL 6h 20m 3 122 3% 

4 A Palette 3 Pro 12h 22m 166 1 8 3 91% 

4 B Prusa XL 2h 42m 19 4 0 48% 

4 C Bambu AMS 34h 16m 300 4 4 7 67% 

5 Prusa XL 2h 48m 4 3 2 13% 

6 Prusa XL 8 h 36m 12 1 2 9 9% 

7 A Prusa XL 18h21m 12 1 4 5 8% 

7 B Prusa XL 13h 24m 12 128 9% 
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8.4 Results of User Testing 
Survey Results 

The pub l i c user test ing exercise h a d a tota l of 20 par t ic ipants . The demographics of 
the par t i c ipants c a n be seen i n Figure 48. The par t i c ipants were ma in l y univers i ty 
s tudents between the ages of 18 a n d 34. 5 0 % of the par t i c ipants were very fami l iar w i th 
read ing a n d u s i n g m a p s as s h o w n i n Figure 49. T h i s fami l iar i ty a ided i n the qu ick 
unders tand ing of the exercise a n d sparked ins ight fu l conversat ions about the 
attract iveness of the 3D-pr in t ed map compared to prev iously used maps. 

a) b) c) 

Figure 48 Demographics of the participants by a) age group, b) sex and c) educational level. 

Extremely familiar 

Very familiar 

Moderately familiar 

Slightly familiar 

Not familiar 

0 2 4 6 8 10 

Figure 49 Participants' familiarity with using and reading maps. 

90% of the par t i c ipants answered a l l the map interpretat ion quest ions correctly. A few 
par t i c ipants confused the size of the chart symbo ls (representing the tota l popu la t i on 
size) w i t h the popu la t i on density w h i c h was represented by the height of the ex t rus ion for 
each adminis trat ive area. The spread of responses i n Figure 50 shows that the differences 
i n the ext rus ions cou ld have been made more signi f icant for easier unders tand ing . 
Notwi thstanding , 75% of the par t i c ipants ind icated the popu la t i on density was easy to 
read. More conclusively, 90% of the par t i c ipants agreed that the use of mul t ip l e co lours 
a ided i n better unders tand ing the 3D-pr in t ed map a n d made it more appeal ing. 

Strongly Agree 

Agree 

N s-rt-a 

D Eag'ee 

Strongly Disagree 

• 2 4 6 8 

Figure 50 Participants' feedback on the understandability of the extrusions showing the 
population density. 
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Figure 51 Map comparison based on a) attractiveness and b) understandability. 

For the map legend, 15% of the par t i c ipants f ound that the text descr ipt ions were not 
wel l-s ized a n d readable a n d 20% ind icated that the n u m b e r descr ipt ions were not wel l -
sized a n d readable. T h i s feedback was used to make improvements to Models 7 A a n d 7B . 
F ina l ly , compared to the paper map showing the same in format ion, 90% of the 
par t i c ipants f ound the 3D-pr in ted map more attractive (see Figure 51a). However, only 
65% f ound the 3D-pr in t ed map to be more unders tandab le t h a n the paper map 
(see F igure 51b). The verbal feedback from par t i c ipants h ighl ighted that th i s type of 
mul t i co lour 3 D mode l was new to them, a n d they enjoyed interact ing w i th the map and 
saw great potent ia l for i ts app l i ca t ion i n teaching exercises. 

Feedback from users with visual impairment 
The feedback f rom th i s user test ing exercise was noted for future work to 

create a ref ined set of p roduc ts that cou ld be shared w i t h the schoo l or s imi la r teaching 
ins t i tu t ions . The m a i n feedback received f rom the s tudents i s h ighl ighted below: 

• The models were found to be very helpful , especial ly the mode l of Metro Line A. 
• The brai l le on the metro m a p s was very readable even though the surface of the 

dots was a bit u n u s u a l for the part ic ipants . 
• In the brai l le , some words were m i s s ing their f irst letter (e.g. ins tead of Metro 

P r a h a there i s "etro raha") . The reason for th i s was a mis take i n at tempt ing to use 
cap i ta l letters as these are not present i n the brai l le font. 

• Some labels were more chal leng ing to l i nk w i t h the appropriate s ta t ion because of 
spac ing i n the complete metro map i n Mode l 3A. 

• Transfer s tat ions cou ld have been made more signi f icant or d is t inguishable . 
• The l a n d cover mode l (7A) cou ld be adapted for the v i sua l l y impa i r ed w i t h changes 

to the use of colour for features a n d elevation. 
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9 DISCUSSION 
Th i s research's overarching goal of explor ing a n d evaluat ing the possib i l i t ies of 

mul t i co lour 3D-pr in t ed geovisual isat ions u s i n g KGI 3 D lab resources l ed to the discovery 
of m a n y technical i t ies a n d cons iderat ions du r ing the model l ing a n d p r in t ing phases. The 
equipment tested provided a good overview of p roduc ts avai lable i n the commerc ia l 3D 
pr in t ing marke t to the pub l i c a n d other researchers. Therefore, the ins ights from th is 
s tudy c a n be appl ied i n research ins t i tu t i ons a n d by hobby is ts u s i n g the same or s imi lar 
equipment worldwide. 

The most notable observat ion throughout the research was that there 
r ema ins a chal lenge i n convert ing geospat ia l da ta into 3D-pr in tab le formats. QGIS offers 
a p lug in that a ids i n th i s process bu t i s l imi ted to D E M s or raster data. ArcGIS Pro offers 
good 3 D v i sua l i sa t i on opt ions i n loca l a n d global scenes; however, these cannot be 
exported to 3 D file formats that c a n be further prepared for 3 D pr in t ing . The 
so lu t i on/workaround involved mul t ip l e file format convers ions to get the necessary da ta 
into 3 D mode l l ing software. These convers ions increase the t ime a n d complexi ty of the 
3 D mode l l ing process. The add i t iona l loss of some of the or ig ina l da ta further reduces the 
l ike l ihood of adopt ion of these methods by m a n y users. A s a n area for future work, 
potent ia l ly outside of academic research, i s the need for more opt ions w i t h i n the GIS 
appl icat ions to export 3 D models. 

The 14 mode ls fully tested the capabi l i t ies of each pr inter for mul t i co lour F F F pr int ing . 
These mode ls u t i l i s ed different co lours bo th hor izonta l ly a n d vert ical ly a n d p u s h e d the 
l im i t s of the equipment. The resu l t ing phys i ca l models covered case s tud ies s u c h as 
t e r ra in models, city models, geology, t rans i t maps , tacti le maps , a n d themat ic maps . The 
geovisual isat ions produced indicate that mul t i co lour F F F p r in t ing c a n be appl ied 
to a range of subject matters. The user test ing also corroborated the range of appl icat ions 
for mul t i co lour 3D-pr in t ed geovisual isat ions. Users reiterated the potent ia l app l i ca t ion of 
the ou tputs i n the c lassroom for knowledge transference a n d ma in ta in ing s tudents ' 
interest. If u s ed i n con junct ion w i t h paper maps , w h i c h cont inue to be advantageous i n 
terms of cost, t ime, a n d unders tandabi l i t y , 3D-pr in t ed geovisual isat ions c a n be a great 
l earn ing resource i n schools , conferences, exhibi t ions, m u s e u m s , a n d other settings. 

O f the pr inters , the P r u s a X L produced the best outputs w i t h the lowest env i ronmenta l 
impact (waste a n d pr in t time). The technology of the P r u s a X L is unr i va l l ed i n the 3D 
pr inter marke t a n d the cost p r e m i u m is very h igh. T h i s reduces i ts accessibi l i ty to users 
who w o u l d benefit s igni f icantly f rom mul t i co lour pr in t ing . The mul t imate r i a l add-ons to 
single extruder pr inters therefore provide a reasonable compromise i n terms of cost and 
accessibi l i ty. The offerings f rom B a m b u Labs provide good value for money a n d excellent 
qual i ty, w i t h the disadvantages be ing s igni f icant ly increased mater ia l waste a n d p r in t 
t ime. However, for creat ing geovisual isat ions, w h i c h is not a t ime-sensit ive matter i n most 
cases, the mu l t imate r i a l add-on method is the most viable for academic research and 
teaching ins t i tut ions . 

The three F F F mul t i co lour p r in t ing methods tested proved effective i n p roduc ing h i gh -
qual i ty outputs . The chal lenges experienced d u r i n g p r in t ing d id affect some of the results , 
bu t th i s prov ided a l earn ing opportuni ty for navigat ing the wor ld of 3 D pr in t ing . The 
versati l i ty of PLA f i lament also proved idea l for p roduc ing these mode ls at a relatively low 
cost. A n improvement to the current research that c a n be conducted i s the use of 
a different f i lament type to pr in t brai l le dots to enhance the texture a n d readabi l i ty. The 
waste reduct ion strategies h a d vary ing levels of success. The purge to in f i l l settings 
offered m i n i m a l waste savings, a n d th i s may only produce signi f icant resu l ts i f the in f i l l 
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i s set to a value over 5 0 % o n larger models. Fu ture research c a n delve more deeply into 
waste r educ t i on strategies as th i s area war ran ts more studies. Regarding 
geovisual isat ions a n d mul t i co lour 3 D pr in t ing , future research c a n look at creat ing more 
detai led themat ic m a p s a n d comb in ing them i n a n "at las" of 3D-pr in t ed m a p s w i t h open-
access dig i ta l files for reproduct ion. 
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10 CONCLUSION 
Th i s research delved into mul t i co lour 3 D pr in t ing , specif ical ly focusing on fused 

f i lament fabr icat ion 3 D pr inters avai lable i n the KGI 3 D Lab to create attractive 
geovisual isat ions. T h r o u g h a systematic explorat ion, examinat ion, a n d evaluat ion, the 
research a imed to test the potent ia l of th i s technology w i t h a series of defined objectives. 
The first of w h i c h was the preparat ion of a variety of models, each vary ing i n complexity. 
Th i s foundat iona l step was c ruc i a l i n unders tand ing the boundar i es a n d possibi l i t ies 
inherent i n the technology. 

In br ing ing the models to life, the research sought to develop a n d opt imise p r in t ing 
parameters a n d processes to a t ta in h igh-qual i ty mul t i co lour pr ints . T h i s iterative process 
involved f ine- tuning the mode ls a n d sett ings to achieve the desired level of detai l , colour 
accuracy, a n d s t ruc tu ra l integrity. The resu l t ing phys i ca l models are a testament to the 
qual i ty of the outputs . Select mode ls were tested w i t h the pub l i c a n d users w i t h v i sua l 
impa i rment , w i t h most of the feedback be ing positive i n regards to the use of colour, 
unders tandabi l i t y , a n d attract iveness of the models . The feedback from bo th user groups 
prov ided ins ight into improv ing the models a n d concept ideas for future work. 

A comprehensive mul t i co l our 3 D p r in t ing booklet was created as a tangible outcome 
of th i s research, prov id ing a va luable resource for the department a n d beyond. By 
document ing the p r in t ing resu l ts a n d lessons learned, th i s booklet facil itates in t e rna l 
knowledge transfer a n d promotes the d i sseminat ion of best pract ices to a wider audience. 
Addi t ional ly , endeavours were made to reduce the env i ronmenta l impact of mul t i co lour 
3 D p r in t ing by evaluat ing a n d r educ ing waste mater ia l product ion . The savings i n 
mater ia l a n d energy used , however m i n i m a l w i l l l essen the impact of 3 D p r in t ing o n the 
environment. A m o n g the tested equipment, the P r u s a X L stood out for i t s efficiency, albeit 
w i th cost considerat ions. The balance between price a n d funct ional i ty w i t h mu l t i -mate r i a l 
add-ons for single extruder pr inters was explored, a n d even though there i s increased 
waste a n d p r in t t ime th i s opt ion offers excellent value a n d i s more l ike ly to be adopted by 
a wider audience. 

As mul t i co l our 3 D p r in t ing cont inues to become more accessible, the signif icance of 
th i s research extends to i t s potent ia l appl icat ions. Th rough impact fu l mul t i co lour 
geovisual isat ions, the models produced ho ld promise i n diverse fields s u c h as educat ion, 
u r b a n p lann ing , a n d accessibi l i ty for the v isua l ly impa i r ed communi ty . These 
v i sua l i sa t ions c a n simpl i fy complex concepts, facil itate spat ia l unders tand ing , and 
enhance c ommun i ca t i on i n var ious domains . Fur thermore , by sha r ing the f indings a n d 
methodologies, th i s research c a n empower other researchers a n d enthus ias ts to leverage 
mul t i co lour 3 D p r in t ing for their projects. 
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Attachment 1 

3D-Printed Map Evaluation 
Surveyl23 Link: ht tps :/ /arcg.is/1 K W b y C 

I a m a graduate s tudent at the Palacký Univers i ty O lomouc spec ia l is ing i n 

Geov isua l i za t ion a n d Geocommunica t i on . A s par t of m y Master thesis, I a m conduct ing 

a short usab i l i t y test for cartographic p roduc ts that I created. The in format ion that y o u 

provide w i l l be treated as conf ident ia l a n d w i l l only be used for research purposes. 

T h a n k y o u i n advance! 

* Required question 
Map Interpretation 

Please answer the fol lowing quest ions about the contents of the map 

1. C a n y o u identify w h i c h administrat ive area has the lowest popu la t i on densi ty?* 

a. Králíky 

b. Litomyšl 

c. Polička 

d. Svitavy 

2. C a n y o u identify w h i c h 2 adminis trat ive areas have the highest popu la t i on 
densit ies?* 

a. Česká Třebová 

b. Vysoké Mýto 

c. Pardubice 

d. C h r u d i m 

3. W h i c h age group i s the largest i n Žamberk?* 

a. 0-14 

b. 15-64 

c. 65 a n d over 

4. W h i c h administrat ive area has the smal lest tota l popula t ion?* 

a. Polička 

b. Holice 

c. H l insko 

d. Králíky 

5. W h i c h administrat ive area has the largest tota l populat ion?* 

a. Česká Třebová 

b. Vysoké Mýto 

c. C h r u d i m 

d. Pardubice 

6. W h i c h of the four administrat ive areas from the same c lass (Chrud im, Vysoké 
Mýto, Žamberk, Ústí n a d Orlicí) has the highest popu la t i on densi ty?* (Use bo th 
the Paper a n d 3D-Pr in t ed Map to answer th i s question.) 

a. Vysoké Mýto 

b. C h r u d i m 

c. Ústí n a d Orlicí 

d. Žamberk 



General Feedback 

Please examine the 3D-pr in t ed map a n d answer the fol lowing quest ions. 

7. How famil iar are y o u w i t h u s i n g a n d read ing maps? * (E.g. p r in ted m a p s or web 
m a p s s u c h as Google Maps , etc.) 

a. Extremely famil iar 

b. Very famil iar 

c. Moderately famil iar 

d. S l ight ly famil iar 

e. Not famil iar 

8. How m u c h do y o u agree or disagree w i t h the fol lowing statements about the map 
layout? 

Ques t i on 
Strongly 

Agree 
Agree Neutra l Disagree 

Strongly 
Disagree 

The pie char ts o n the map 
are legible a n d wel l -placed.* 

The popu la t i on density of 
adminis trat ive areas i s easy 
to read.* 

The size of the map is good 
for unders tand ing the 
in format ion shown.* 

9. How m u c h do y o u agree or disagree w i t h the fol lowing statements about the use 
of co lour? 

Ques t i on 
Strongly 

Agree 
Agree Neutra l Disagree 

Strongly 
Disagree 

The presence of mul t ip l e 
co lours helped i n better 
unders tand ing the map. * 

The co lours used were easily 
d is t inguishable . * 

The mul t ip l e co lours of the 
mode l made it more 
appeal ing.* 

10. How m u c h do y o u agree or disagree w i t h the fol lowing statements about the map 
legend? 

Ques t i on 
Strongly 

Agree 
Agree Neutra l Disagree 

Strongly 
Disagree 

The legend conta ins the 
symbo ls needed to 
unde r s t and the map . * 

Text descr ipt ions are wel l -
s ized a n d readable* 

Number descr ipt ions are 
wel l -s ized a n d readable* 



Map Comparison 
Please look at the paper map a n d the 3D-pr in t ed map showing the same in format ion a n d 
answer the fol lowing quest ions. 

11. W h i c h of the two maps do y o u f ind more attractive?* 

a. Paper Map 

b. 3D-Pr in t ed Map 

c. Neither 

12. W h i c h of the two m a p s was easier to unders tand?* 

a. Paper Map 

b. 3D-Pr in t ed Map 

c. Neither 

13. Do y o u have any add i t i ona l feedback? 

Demographics 

14. What age group are y o u in? 

a. Under 18 

b. 18-24 

c. 25-34 

d. 35-44 

e. 45-54 

f. 55+ 

15. What i s your sex? 

a. Male 

b. Female 

c. Prefer not to say 

16. What i s your educat iona l level? 

a. No formal educat ion 

b. H i gh Schoo l d i p l oma 

c. Voca t iona l t ra in ing 

d. Bachelor 's degree 

e. Master 's degree 

f. Ph.D. 



Attachment 2 

Data Sheet for the Models Printed 
Model: 1 

Name: K ings ton Moun ta ins 

D a t a Source: Cope rn i cus 3 0 m D E M 

Scale: 1:25,000 

D imens ions (mm): 117x114x30 

Z Factor: 1.5 

Pr in t Size: 1 0 0 % 

Number of Co lours : 3 

Pr inter : P r u s a i3 M K 3 S 

Pr in t T ime: 6 h 5 4 m 

File: M l _ k i n g s t o n _ m o u n t a i n s . 3 m f 

Model: 2A 

Name: New Yo rk City 

D a t a Source: Cadmapper 

Scale: 

D imens ions (mm): 181x225x59 

Z Factor: 1 

Pr in t Size: 1 5 % 

Number of Co lours : 5 

Pr inter : P r u s a X L 

Pr in t T ime: 14h 0 8 m 

File: M2A_new_york_c i ty .3mf 

Model: 2B 

Name: New Yo rk Ci ty 

D a t a Source: The M a n h a t t a n Project by 
J i b 2 2 on Thingiverse 

Scale: 1:6,500 

D imens ions (mm): 131x157x84 

Z Factor: 1 

Pr in t Size: 1 0 0 % 

Number of Co lours : 3 

Pr inter : P r u s a i3 M K 3 S 8s Palette 3 Pro 

Pr in t T ime: 1 8 h 0 1 m 

File: M2B_the_manhat tan_pro j ec t . s t l 



Model: 3A 

Name: P r a h a Metro Map 

D a t a Source: PID 

Scale: — 

D imens ions (mm): 301x213x7 

Z Factor: 1 

Pr in t Size: 1 0 0 % 

Number of Co lours : 5 

Pr inter : P r u s a X L 

Pr in t T ime: 1 Oh 2 2 m 

File: M3A_met ro_map .3mf 

Model: 3B ^^^m.-^^—*^^^— 
Name: P r a h a Metro L ine A I It 

D a t a Source: PID 

Scale: — 

D imens ions (mm): 168x242x6 

Z Factor: 1 

Pr in t Size: 1 0 0 % 

Number of Co lours : 5 

Pr inter : P r u s a X L 

Pr in t T ime: 9 h 3 4 m 

File: M3B_met ro_L ineA .3mf 

Model: 3C 

Name: P r a h a Metro L ine B 

D a t a Source: PID 

Scale: — 

D imens ions (mm): 162x329x6 

Z Factor: 1 

Pr in t Size: 1 0 0 % 

Number of Co lours : 5 

Pr inter : P r u s a X L 

Pr in t T ime: 7 h 2 6 m 

File: M3C_me t r o _L ineB .3mf 



Model: 3D 

Name: P r a h a Metro L ine C 

D a t a Source: PID 

Scale: 

D imens ions (mm): 162x281x6 

Z Factor: 1 

Pr in t Size: 1 0 0 % 

Number of Co lours : 5 

Pr inter : P r u s a X L 

Pr in t T ime: 6 h 2 0 m 

File: M 3 D metro L ineC .3mf 

Model: 4A 

Name: E a r t h S t ruc ture 

D a t a Source: Nat iona l Geographic 

Scale: 1:333,000,000 

D imens ions (mm): 6 9 x 7 3 x 3 8 

Z Factor: 1 

Pr in t Size: 3 0 % 

Number of Co lours : 5 

Pr inter : P r u s a i3 M K 3 S 8s Palette 3 Pro 

Pr in t T ime: 12h 2 2 m 

File: M4AB_ea r th_s t ruc tu re .3mf 

Model: 4B 

Name: E a r t h S t ruc ture 

D a t a Source: Nat iona l Geographic 

Scale: 1:333,000,000 / \ 
Dimens ions (mm): 81x68x38 / m • 
Z Factor: 1 

Pr in t Size: 3 0 % ^ ^ ^ ^ 
Number of Co lours : 5 

Pr inter : P r u s a X L / m 
Pr int T ime: 2 h 4 2 m ^ ^ ^ ^ ^ 
File: M4AB_ea r th_s t ruc tu re .3mf 



Model: 4C 

Name: E a r t h St ructure 

D a t a Source: Nat iona l Geographic 

Scale: 1:200,000,000 

D imens ions (mm): 203x162x64 

Z Factor: 1 

Pr in t Size: 5 0 % 

Number of Co lours : 5 

Printer : B a m b u P I S 8s A M S 

Pr int T ime: 3 4 h 16m 

File: M4C_ea r th_bambu_s tud i o .3mf 

Model: 5 

Name: A u s t r i a Popula t ion Densi ty 2023 

D a t a Source: E s r i , M i chae l Bauer 
Research G m b H 2022 , Bundesans ta l t 
Stat is t ik Österreich 2023 , Euros ta t 

Scale: 1:5,000,000 

D imens ions (mm): 170x87x9 

Z Factor: 1 

Pr in t Size: 1 0 % 

Number of Co lours : 4 

Printer : P r u s a X L 

Pr in t T ime: 2 h 4 8 m 

File: M5_aus t r i a _popu la t i on .3mf 

Model: 6 

Name: Popu la t i on S t ruc ture Pardubický 

Pr in t T ime: 8 h 3 6 m 

File: M6_pardub i cky_kra j . 3mf 



Model: 7A 

Name: Lucerne L a n d Cover O S M 

D a t a Source: OpenStreetMap, 
Cope rn i cus 3 0 m D E M 

Scale: 1:40,000 

D imens ions (mm): 211x149 * 13 

Z Factor: 1.25 

Pr in t Size: 1 0 0 % 

Number of Co lours : 6 

Pr inter : P r u s a X L 

Pr in t T ime: 1 8 h 2 1 m 

File: M7A_ luce rne_ land_cove r_OSM. 3mf 

Model: 7B 

Name: Lucerne L a n d Cover C L C 

D a t a Source: Cor ine L a n d Cover, 
Cope rn i cus 3 0 m D E M 

Scale: 1:40,000 

D imens ions (mm): 211x149 * 13 

Z Factor: 1.25 

Pr in t Size: 1 0 0 % 

Number of Co lours : 6 

Pr inter : P r u s a X L 

Pr in t T ime: 13h 2 4 m 

File: M7B_ luce rne_ l and_cove r _CLC .3mf 


