Critical factors that 1 mpact the

assi sppedmncBebrkbas sd r uct ur es

By
Ol uwati mil ehin Abdul wahab Disu

BEng (Hons) Mechanical Engineerin

School of Physics, Engineering and C

Submitted

The University of Hertfordshire

requirements of the degree of

Engl and, United Kingdom

November 2024



Page I ntentionally Left E



Aut hoedlsambDat i on

ldecl are that the work in this dissertation
of the Universityos Regulations and Code of
that it has not been submitted ifrodi caantye do tbhye
specific reference in the text, the work is

di ssertation are those of the author.

Sigmddizwati mil ehin Disu Dat0e8: November 2024



Dedi cati on

This tételse dedisoatGadi ghktnhyd mys @pdleanttunj i Di su
Ol uf unmi.¥Yodua wiveu i ng support, sacrifice, and
the cornerstone of my achievements. Your bel
t hno scthal | mome.ngs

To the person | was when | $havd eldeddme t lorua
residndeentter mi ned. May this work serve as a

consi,strneamseiyd p.assi on

Finally, to my brother, AdamyokKakanemohgse sl a
into every step of this jJjourney. ¥oemyhadsenc
strength in ways | canot fully explain. This

makes you proud.



Acknowledgements

As | | ook back at the year 2020, a year mar
was also the year | made one of the most i m
journey. | wio uhlidnnd'sti gchitangle a t hing, except pe

to this path.

With that, I woul d | i ke Goa eAdpfricggshstgymag n tdiere ers
strengt h, perseverance, and guidance to Cco0myg
of this would have been possi bl e.

I extend my heartfelt thanks to my supervis
Chrysant hou, Dr. Luke Wood, and Dr. Anthonio
and guidance throughout my research journey.

Tdr. Si ki rwolrgdmaiclannot adequately express m
and invaluable mentorship. Your wisdom, dedi
chall enging phases, have been a constant sou
your insights, and your attention to detail
deeply indebted to you not only for your pr

encouragement that extendedl|l marWbekbnd wheha

a privilege and a profound | earning experien

To my office mates at the University of Her"

Moez, Andrew, Mi ke, and Ronnie: Thank you fo
|l ast few years. I have grown toaehyoyEgpaci i
the part where we all pretend to get work dr
realise it's better to work from home (Ha h
many moments | wi | | ketepyaol,osmy toe sngga rheeharjt o
have been what it has been. (I promise | did

I woul d alc&kmowili kdgeothe tremendous support
Emi ne Dinc, and Vienna Unamba. Your expert.i:
my research. Thanks for always remembering t

takkat for granted.



To Al ex Kingstrom, who served as a | ab techn

stages of my research, thank you for | aying
you put into ensuring a smoadtrh buttarotnst avemy e
and | am grateful for your dedication. Fi ne
experiment al process a seamless one. You guy
To Mi ke aWat Mamda nvassrtdrsul y fail me. Your commi:t
the essenti al parts needed for my easapéeri men
tireless assistance, was a cornerstone of my
dedicati on, this research would not have re

encouragement and for going above and beyond

"1t is amazing what you can accomplish if
Harry S. Truman
Ol uwagbotemi Akinsoji, my amazing, intellige

of these documents would be written because

had such an amazing time in 1ttihvislhedve magfe f r @ fn 1
roweatesactho ot herés research journeys. | t 6s

memories | Om sure we wil/ both cherish for

your own PhD progr am, mgkgbal ysut asbgoas hm
for me. | |l ove you dearly.

Speci aduts htoawtmy Alragdaadler & h ¢asrpd sRir i n Ag o eSiedi k
Di sMr. armsDi 8r,s Temi |,®Mil &1 USromaifrleasyaonMA ] Bpl a Ayanwa

And most of allpedplaen wihtam&kdtul whoemtlhewoul d n
My paMrena s©O©l Mt.ujiisu. To my dad, CP Ol atunjii
my work kept me going on the days | al most ¢
rel at edortko amyd f or constantly asking me, "Ho
your endl ess prayers and unwavering support
throughout this entire journey. Thank you fo

the "Pele Pele." This success is as much your

My siblings, Fi keyi nmi (Mama) and Rahman Di s
appreciate your auttdheirsstjamur megy .t hYowghave al

reminding me that therebdés always |ight at t|

Vi



you in my corner. To Yemi Ogundeyi, you met
i mpact. Andadantdo DAdpdmn kKyou for being there ev

I did not complete this quest alone. It was
energy, |l ove, trust, understanding, and supp
this phas®o ohy miyuidl-Bdoksl y, Ayomide Sodi a, Mu b
Ay o, Shadow, Shope, Toyosi , Mu s a, Geor ge, F
made i t! Thank you for being my support sy
friendsuhriapg,e mneennctcoo and unweav enteiamg kehlei emforilmd, m
have asked for a better groupvi oh pee®pkemes

realisation that nothing compares in iIimporta

Most i mportantly, to quote the grea

I WANT TO FIORNBEMEEVI NG I N ME
Il WANT TO THANK ME FOGRRDWOR& ALL TH
I WANT TO THANK ME FOR HAVI NG NO DAY

I WANT TO THAHRENE®ElI FDIRNG

"Success IS not final, failure i s not fat

Wi nston Churchil |l



Abstract
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1. Background

Additive manufacturing3D wprtihn tpiarbd scefd | e rhe mip &
iemerging as a transformati ve [iB]noDiasttiiomg uMi st
by i ts proetveonltuitailonticse tr adiDtpiroinnatfi nlgebmksdeidn g
mat eof &kss sever al compelling advantages. T
| abouenhanced construction site safety, s hol
produce architecturallsggyngompt ekt dolvdgmarsiwvdhe | @f
higlech construction tool s, along with the n
concrete printing an exciting and promising

biggest ondga@ilng probl ems

However, despite these prospecprsi,nttihneg- woifd ecsqg
based maetneariinasl s¢ ¥ns t] anafeod barrier | ies in t
concrete mi xtures, particularly t he chall e
pumpability, extrudalkiglei tsyf,rl@jujiblad a bnitleirtdye,p eanr

these properties necessitates rigorous for mu
to ensstreudthewer al viability of printed el eme

deposi tion.

To fully realise the p-baerti abnefr @80t ponntt!

need to deepen our under standing of how ma

influence print quality and meclgarsi casl epsesrefnc
for the devel opment o f robust, scal abl e, an
t herefore, seeks to bridge these knowl edge ¢

mechaprpeealt i epr iont e3dd acseme hsutwrietsh t he ul ti mat e

advancing the adoption of additive manufactu

HY



1. Moti vati on

Thbuil dicagn sat nridinadtuisamry pl ays a vital role in
countries, accounting for approximately 9% c
of the gl o[blall ,Twlex |k afetcgr owing industry is al

and is expected to increase the total widesp
2018 to $14 tridHbobwenweby ®R2O&5industry is st
technol ogi cal i nnovation with [ 8T ipsr osdeuccttarv i

be referred to awi tah ciotns ebaxitd ver isrecitwlres be
The | ack of technobuwiglidcian g iannndo dcabsa sotgt & enn it bheed
the | ow sust &i rhaemiclei twhyi nchexdi menedoaotl o030}
i s germane. This will[] Glespeed umpbovedwogkpr
| abour intensive when compared with the conyv
i n btuhiel di ng anidndcupsBtibmtyrtuhce ilb.nS, the construct.i
a mere 1.5% of value added on technology, wh
industry's inveetmeamnmnimyofs 3 .v e wdao dSadvieesraagle aonfa |
indicate that the productivity of the constr
few decades, while the productivity [dfd]t he
Thleui |l di ng anidn dcuosntsrtyr uhcatsi oghr eat pot enttioal fo
its current state, whi ch makes wuse of human
attracting hi glhormrcgert st iamjd9 Tithoee kdcaogpvaenttei on a l C
met hod wvegdhwesman resources at various stage

consuming.t he faidmalt ipmgduct generates a subs

[ 9] I n contrast, modern 3D printing technol
structuCempudtsadred DeGAD@Q)N, (VWi ch requires | ess
l ess flexible tooling, resulting in multiple
and mat e[r2he wasded eof formwork in conventiona
causes of significant spendi ng, wh s c hhilgehads
materi al wast e 1&8Md Fhoirgnweorr kl aibso utri me co-nsumin

35% of the total ¢d8tfThéeé thhe ot rfuect mwad k wios k:
by the compl exiCoyntofartyBdDogdtifh medgbmeretd nhaat er i al
not affected any compl exilt9y.l i”kn0ddllée tcomst swct
i ssiag enitfsiscue i n the cur r[elifthec @motdruwcd ti ioan oif n L

component of concirrettensiivwe hduweh |l tyo etnkee glyur ni n

H ¢



resul t, concrete production contributes sigr
cal cul ati on met hods may vary, but t he <ceme
production accounts for [aldDb]uEtf f5% tosf tgol onbali g&
have been madeemgni ntepdacémpgasdhctaobybl ast
which has helped reduce the average CO2 out
overall CO2 footprint of concrete remains s
raw materi adosnomihe ilmac&ntifves for CO2 reducti

significant emil$sions reductions

A report by Markets aodcieitikeeit sgsUDERB)Y shadha
toeduce constr-on@%) owa $6i0ede bapnyd3 GcOo st -8d@fp9llabour
However, more research isfruddded ttua yurmbde rAd tl a
[ 22h Jordan found that 3D printing could de

conventional construction metshuacds alsute qdiii d mrec
| abour cost sSAgu-8nanaddn tfi 2d3rdebpeorrtt e d t hat 3DCP
environmentally friendly when compared with
bet ween the conventional met hold and 3DCP can

%ﬁ+&@%+ﬂ+ A

Materials Concrete Blocks

N + ““@5' = @

Concrete 3D printer House

Labour TUU'S 1 House Waste

Fi gulr eConventional construction9vs 3D pri

There are sever al chall engesRe snevaorlcvhe di si ns ttihle
to ensupeinhad 3Dructures outperform their ¢
in terms of mechanical epanvfioromarende abc soutet af f
cement is the most used construction materi a
hi gh cost of pr ofda.£ ]tB bormaolv && ¢abb onray) oc o nodnuect ed r
SydrCegtBusl Destsri ct (CBD) and stated that abo

on



t he
tr a

i nt

hin

The

being used 24he¢ hepdod mwlor&onstruction 1is
number of steps involved. These include,
nsportation, whif @hFjJaacrteorasl,| itnicnheu dd onngs usnaif neg
e n seistpye c tsa ltluy cfasrt icronceaeeeal amoonpgpatl|l enpges
rent concr et el Iddres trrewgqaiti iremeinn du Storry Bes p ol
ense | abour in the assembl y[ DFherseei nffaocrtcoer
der the health of construction workers, e

Chhuirlaitng anidn dcuosntsdrtlyreuf dateiled mwi ng chal |l enge

Aging wor kforce and-Tha ck hoafs sbkeielnl ead nnaojrokr

construction induwtth fbe maghegtapdopowt

bet we-bA ¥[BAF]sThe next age group with high

bet

and the younger ones are not taking over
dulseadi ng to thestaticetbrydi hgi @, 5dMenrpto we

overall inter eisndiubsyt ttyhe gonuntgead higen go oalp

we-edny e3gr2silhi s means that manyrefithegyo

i n

4 out of 10 amongst the age group of 14
essenti al skill t r adreest iarree dwes tt oa st hod dleac
t he younge[r2.5a]J]ge groups

Sl ow Technol eylgnyAddbpt men have been sl ow
technol ogies such Mag eB(UBilln)i ,n gr o bnof toir cnea,t i aonn
This is often due to high i mplementation
advanced 2s6y]st e ms

Health aWMdceafileny to Heal t[h2,7ama Sarf ett ryu ckt

sector has the highest number of heal t h

Kingdom (UK). ®&Bhasckisef atra&ismiltng,ofsafety g
compl | 25k e

Gender dThersityg a gener al stereotype the
meant f oHe nw@ameyn wi | | not thriveddmi nateedk e

by mostit s unetmibroqg t 99% of all [28hThrsctisc
gener al lLggs ntoherta uies a huigeesnv & h e etiuyda gatsgyp p
architect uardonssu rrweydimagn g d[sddg]m er s

Design and DocubBremdrag i @amd Eomios si ons i n di

drawings are frequent, |l eadi[R] Thexosit § yu

oM



often stem from poor coordination between
reviews during p[reeclonstruction phases

T Regul atory NRvegatureg compl ex and evol vir

chall enge. Firms face difficulties comply
and | ocal |l evel s, which can | pad]to del ay
1. Ack.idents and injuries

The Construction S{aBilevameidfi®irglr fealt Bmalk wns
health and safety within the construction s
covers various as@latsd ihnlkclluaealntgh wowdr kpl ac
i mpacts of heuarlitehs iisns utehse ainndd uisntjr y .

1. Wo2-rk | aitlebdl h &

An esti maaoerdk e6r9s, OiON0 t he constructelbatedctlblr
bet ween 2020/21 and 2022/ 23. Muscul oskel et al
accounting for 54% of the cases. Theseddéesor
to the physicalStmraetsusr,e doefprteltsesi worrb k.or anxi et
during the same peri od;r erl apreas ecmtsiersg 2Ho% eo/fe
ot her industri es,r etlhaet eodv eiralt Ither@dl titeh ngi fnawcoor3k 3
t han -thmeéuatdy average of 4. 1%.

1. F.a3.al Il njuries

Fat al i njuries remain a critical concern in
fatalities, whiochedrs anmlthelr &wernageée eoff i k. F
for more than half of t hsetseentf artiadk ta fe swo rhk ign
the sector. The fat al injury rate in constr
which is more than four times highiegu2adnah. t !

shows the graphbygfatatdkentnkund in construct
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1. 1Lwbng Disorders and Occupational Cancer

Lung disorders are another heal th concern

wor kers werworakkt atedd bbgathing or l ung prob
construction sector saw a statisti cianduysthriygh
average, particularly due to explohseuries stuwe haoe
occupational cancer also |l ooms | arge, with a
construction. The majority of these cases a
contributions from siliiea marmopadcdlsarf rroand ieaxtpioc
these materials continue to affect many wor
carpentry, plumbing, and electrical worKk.

1. Ec®O.nomic Cost s

The total econrroenmiact ecdo sitl lofhewadrtkh and i njurie
estimated to be A1.3 billion for 20214/ 22. T
related ill health and injThrei e®osdaci oasd$ ualels D
i mpacts, such as |l ost out putfiand cheadl ti mpaarcet
the |l oss of quality of |ife and fatalities.

1. 1Wor. ki ng Days Lost

Il n terms of productivity, around 2.6 mill i on
each year due to workplace injuries and il/
attri butreed attoedwoirlki health, wédite itmjeurieesai ndc
this results in approximately 1.3 working da

industry average of 1.1 days.

Il n i ght ofs,t h3eDs eprcihnatlilnegngoef f ers a transfornm
sechhyrsignificantly reducing waste fram forn
3D printing aloifgnd e¢wistehlinptohoey eg cedIfsi ci ency, s us
safkenyaddi t ndostoytehegi wg,r kitlslmege s ki | | short

printing provides a moder n, sustainabl e sol



hel ps bridge the gap in | abour demands. I n e
transformati on, positioning the constructior

environment al and economic responsibility.

1. Bt at e merndb lod ms

AMo f concrete is an innovative and rapidly
industry. Despite its promising potential, i
chal lleh@lms recent year s, researchers ttheve i1
appl icfatAdn he construction of buildings, 1 de
of the primary issues is the weak interl ayer
gap between successive depositi e@md ochamdpredmi s
structures often exhibit weaker mechani cal
strengt hs, | argely due to thei nfnarbdd mdryt ttoe
ef fec[taZWel gygddi ti on to hardware challenges, t
fresh proper-hasesdpod Dtcecedmemat eri al s I s anot

nappropriate mipxoodesfilgoprwacban irteyssuletxt rudabi |l i

di ffi,suwu¢hias nozzle clogging, instability of
shape retention. Ensuring the right bal ance
opti mal printing performance and avoiding co

The design amd de vseulidpanbd Ret r3uls i ppmseant ol andgh e r

chl |l enfpeyxtiliercalilcommeé mcikalosfnyaslalabd el 8Dl er i nt i1
extrusion sazZloe-bazepinmat eri apcss @ F ddakse hiihnei t a
succesproht 8 structures heavily depends on
bondi ng. Il n this research, a significant co
s maslclal ee xrtorbnostz bhe t ai |-lopasad fOD pEreimetnitng. Thi s
the | imitations of existing nozzles by consi

extrusuor pndsbsayer -bassetdrtuicdnuriens.cement

Furthermore, while there has been omAtye ras if weweawn

tudies have directly examined key aspect s,

S

performanceinaodmparios epiryi nbteetdwesetnr u3ct ur es an
cast , monolithic ones. This | imited compar at
o]

ver al |l performance and feasibility of 3D p

op



some uncertaintyraestdd wthred diteur e3sD can achi e
properties of traditionally built structures

Thrdeorha,s treseasbbsadgdgressing chahteen geefsf byt s
mi x design on the fresh -prriompteed | ®£tsr wamtdu rbeusi, |
designi g ad esmaltlrusi on nozzle to i mprove pri
providesneadedchldi rect c oqorpianmtiescb narbcet me B al i3tDh
structures, of fering insights into their res:s
the true potentiali @ed. 3By ptracmkliinmgg i tinheoea sd¢ riu
aims to advance the unAdMirns ttahned icnogn sammrdu cap polni c

1. Research questions

The purpose of this researcltemdratted | adeist i

manufacturing processes that | mpact-prihret ene ch
cemédbratsed structures. To address this, the f
examined in this thesis

RQlL:How do nozzle geometry and materi al c ho!
structur al per f-ma snadh c2D? mr icretmemd

This question investigates how design el emer
selection affect flow consistency, extrusion

The study is carried outicnarmewcohtax® & @

nozzle weight and geometry must be opti mised

considerations were addressed, the primary
feasibility withimsttrhaei mstyst em' s physical cCo
RQ2: How does the wuse of aluminium sul phat e

interl ayer bond-batrer@tht eidn scternuecrttur es ?

This question examines the effect of alumini
successiveprdiarytted c¢ememti ti ous material s. Si
the structural -pemrmodwmeparbiienlticetrdyd edlfeme nt s, und
this admi xture alters setting time and bond

build quality and reducing delamination i n a



RQ3: How do the mecdhmeadicfaiheapcloymer ¢ $ ®isve and
strengtphr ionft e3dd & £ené nd tcrouncptaurree st,o t hose of con
counterparts?

This question seeks-prtiontewalcwementwhatoluesr e3[@

equival ent or superior structur al perf or man
comparing mechanical strengths, thentiesgaast
reliable alternative f arl ystirnucctounrtae x tasp pwh ecrae

| oadaring capacity are critical

RQ4: How do process parameters, such as prin
of aluminium sulphate admi xtures, affect t he

of <cebnaesnetpr3 Mt ed structures?

This question investigates how wvariations i
geometric stability (buildability) and mecha
the interaction betweesnnghebe Bdditorsei manuft

ensuring print sScogsidstfeercays,, t midgs maelli evti magr

characteristics in final component s.

1. Researcolpe

After thoroughly evaluating tihreveadiciplée i stadt
factors -biansedemaedndti ti ve manufacturing proces

propert-pesobepddmBsetdr uct ur es.

This shall be attainaidmapndeatiisvfeysiing t he f ol

1. 4Rrlaj ect Aim

This projedeéentaiifns amd analyse the critical
behaviopri ofe@&bBcsemderstt ruct tssrcad eupirngpta ngmalyls |
goal of optimising process parameters eand ma

and support the broader adoption of additive



1. rD>dject Objectives

The foll owi nogaroedfj elclty vieesr muledt pd¢ bt dvee-nd or e

stated aim of this study

1.Design and dev eslcoap nee-bchesneefin ta Dsmai hti ng sys
with a | ightweight robot nozzle and optin

2.l nvestigation of key process parameters,

aluminium sul phate additive, I mpact-s the
printedacemderstt ructures. This includ®s ana
on structur al stability, | ayer adhesi on,

and strength.

3.3D printing, meccohnapnaircaatli vtee satbiantgy dairsd ofictcer
assess and compare the mechanical propert
of -@BrDi nted versus <conventionally <cast st

advantages.

1. Rel eeadafnc3 D groi nthienghati onal economy ¢
rel evance

The i mpl ementati oncohst3Duaptrtiiedothinrod ogi c al way
sustainability of cementitious strecyotadbl &
mat eandlisnati ng the need f&80]Pueadidi ohal gfFob
for reducing carbon emissions, it is iIimporta
t he way for a sustainable building future. f
significantly redviacd ematsaircihalasudagege [aBrddiced
increase productivity and address the shorte
[ 3.2]3D printing technology can help to save
wor k i n clo3]tbryu ctthheonr educti onantdui Fdr mgomikt el
amongst manyWhitlhert Heacitmirtsi. al pc a pstyisatgeuncsim v e st

as robotic armgsaandeehtighsi eomeusitgai fi cant ¢

use, and formwork contribute to a faster re
printingbaded emeetoanroinalcsal | 'y vi abslcea |l ee sopre crieaplel
constructfii bnMp4lepeets worker safety, parti ct

oy



environment s, serves as a key motli35]tHiaarms hf o
environments inevitably raise difficulties a
guality anHdehmganFwel |l nstance, freezing tem
excavation and contemper proauumr merrgtny wrha Y ec dau ge
among <construction workers. Sites exposed
significan[t3.6h)esd lftten fraibsrkiscati on has emerged a
chall enges b-yaleilcateed ngaptre and &9demblTihass
approach -gsietdaackabouwr requirements, enhances

consiystenc

AM has the potenti al to colmyrr bdtseithep whoir & ec
exposure to harsh environment s [ &id¢#F wrutt toemrarha rr
the use of 3D printing reduces the need for
sites can be made closer to the end destinai

transportation.

1. €@ontri bdhowhé®gsesearch Novelty)

This Phbhakesdgever al significant coAMofi buti o

concrete, addressing both technol ogi cal c hal
The following are the key contributions:
A Design and devel opment of a | ightweight

prinOneagof the priimadtglsdacomtan ot e soetpso p me o ¢
built extrusion nozzle engineered to0 opel
scale robotic arms (02 kg). Existing c¢omi
compatible with thleaddddwmatyeraimabcrsi. dogfehsics

u
c
n

t hat gap by designing a nozzle that not o
ut o sopsldsnmfior material fl ow, reduced stre
0

consistency.

Al nvest i miadeisoagnritoenp a@fr e rho p e r tei neesatod d¢ 3 D

pr i nmaetder i dalhe research thoroughly investi
cemenisumihx as tcheememat, i ovzat cefr , a gagfrfeegcatt se st hau
fresh propperitnesed omat3eDd i al s, such as fl

0 @
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Il dability. |t highlights the c¢critical
I ntingprdnhedesudgvel sinmgsing hxt sd eisntgan d potri
ensure smooth extrusion, proper bondi
ability. This is a key area of contri bu
ogging, poor | ayer aadphsees.i on and even st

rmul @aft iogpmh i mprsoecde sac c ebeapat 0c atAinon her no\
pect of the research is the development
celerators to the system during the 3D
ntroll ed i ntegration of aecedmrd abores al
il dability of the structure without con
reteghllodt itchre accel erator dosage and tim
hi eves sufficient strengolpewhliies .pmao nd
especially i mportant for enhancing t

nstructi ewortlidneasp pilni craetailons.

reoantp arbes ove epn | 3 Dremb n o | s trhuicd u@rees of t he u

pect sr esfeatrlcihs i s i1 ts direct experi ment
opestuchks as compressi ve, t eorfs i@Br@ naad f
mentitious structures and convreenstuilotnsal
t apmewi de valuable information on wheth
rformance benchmar ks of monolithic str
option of 3D printing in construction.

dr e wesdimtge r boaryceicragised by al umi ihemr ssié @h
pl ores the impact of aluminiumpsuhplkdte

mérats e d s tyrbuacntaulryessi ng howi smpami sBi timesuhp

nd bestuwceceehsasgi€vhes . f i ndi ngs contribute to
wl uminium suctpbkbmt eabsaddasi aes i nteract
chani cal properties of cemesndd t3Dupr imat

pporting efforts to optimdcedregnixn desi gn

ckles the problem of weak i nterwhaeyreer bo
me gaps between the deposition of succe

vestigating the factors sthgtthéfiempacnt



gaps, the study offers novel Il nsights int
printed materials. The findings help refi

Optsamii opr i otpa mgmeftoemrhsanbueid dabhees galrch

contributestiontlbé &epti mrii mdnliozdzilmeqa spreetde r
height and ext rTfiheiyohdlyerecses ut B e -poruiintdeadd i |
structur aesng Bwyowantaneygse parameters affect
printed structures, thptt etsheen npgrhi notfifnegr sp rg
achieve more reliabl e and sadafifoinciiemnt crcwamis

ensuring that printed structures maintai

sound.

Appl i cditnieteemearnal y ® ssleuadamage mode and mec
t hpei nd edc:t uTleesfi nEldeemdnmatl y si s (s ErAeasdedasr camh
computati onal di mensi@oni hbed het rewatl wrad 9 .0
applies FEA to simulate the stress di st

beharsob -BrDi nted concrete structures wunde
computati onal approach compl ements the e
understanding of how prwonrtledd sscternuacrtiuorse sa np

a tool fedn nfemretnherofr the printing process.



1. MThesis Structure

This thesis is structured into five main che
to reflect the flow and f ocoursgeanfiodtahteiacie seaa g

and its corresponding parts for clarity and

Tabllle Structure of the thesis

Chapte | NTRODUCTI ON

LI TERATURE REVI EW

Chapte Part A: Additive manufacturin
Part B: Robot 3D printing sys
MATERI ALSMEANDDOL OGY

Chapte Part A: Materials
Part B: 3BpPrinting set

Part C: 3D Printing Processin
Part D: Perf ormance Evaluatio
Part E: Finite EIl ement Anal ys
RESULTS AND DI SCUSSI ON
Chap4e Par:tAsAes o e fsttepsehe f or mance of

Par®PrBliminary testing and nc

Part C:p rPordendtsi migsnadt iaocncaellma rna tsc

Part D: PerfoomaergeeEVvamenatnlo
Chapb%e CONCLUSI ORUANRE WORKS

Ref erences

Appendi ces




1. Summary

The fir starmncyh aipntterrodouecgi ng the research and pr
the topic of 3D printing, patfThe cmdtairvagtion t
research was then dwaosrcluds scehda | Ihe ngghe si gihnt itnhge rcec
as accident s, injuries, and inefficiencies,
proceeded to preskatrasedrah ptableenmantf of | o w
the research aims and objectiovesitdbéboesndaei

and focus areas. Key advantages of 3D print
i mprove ,efrfacduecencwast e, and enhance safety,
chapter acknowledged the existing |limitati ot

3D printing technologies in the fieldedThe o
highlitdglketishgdyds novelty and relevance to tFl
chapter concluded by presenting the structur
Ssubsequent chapter contribehes to the develo



CHAPTER 2: LI TERATURE REVI E

Addivkanuf acturing
And

Appl i odt iRor 8tPy i fndr n g -Boafs eCde nivkantte r i



Chapter 2: Literature Re\

2.l ntroodunct

This chapteaoamprrelsemstisvea | i terature review on
the construction industry, with a p-aasedul ar
materials. It explores both the materihal and

an overview of the fresh and hardened proper
to achieving successful -tperrimm tpaebrifloirtnya,n cheui |Tdha
di scusses the rollehodarmblpo igiamn sy § tseussspremsd,e da n
platformehancing automation, precision, and

el ements such as nozzle design and printing

orientation, are examined for theioumri offl penao
Sstructures. The | iterature review was cont.i
research, allowing for the incorporation of
anailsysremained current, relevant, and refl ec

2. Addi Mamefacturing

Additive manufacturindi mAMsionbbo(RBRDPwpranstt
of creatdimensihoereeal obj eAcitdse df rDoens i G @ mp( uCtAeDr) I

depositing materi al | ay esrh alp¥BQl]Jalyerr ¢ oe ratc hy @
building and construction industry has expe:
printing, from the conception and formatio

i mpl ementation of new pri otnB,b-#48] systems to c

A major issue involved in the adopti[odd]of AN
This technology, still in its infancy, firs
prototyping. I nitially, it was used to prod:i

form and fit applications, oamd atl hjeh&olred4ai]i o n

t he ti me, materials were | imited to [ab]small
Over time, the technology evolved from rapid
or i ndirect fabrication of tools for applic



bl ow moul di ng, or even for the production o
[ 46 )] Eventually, AM progressed from its origi:]

i's now known as rapid manufacturing, al |l owi
produg®]sCurrently, AM encompasses seven dist
wi de range of materials, including biologica

smart and functi ¢d8l.1 MO9¢graded material s

The process of 3D prizattingheanhibstsiowmgei mnnk
includes the design and creation of the <c¢omg
Design (CADW.ATHheef tsweacroend st age i nvolbeesi gt b
Stereolithography (STL) document -betlie)Tdhesl!| i:
third stage is a more complicated one, as i
printing, using one of a wvarious number of

Laminated ObjeS¢l Manuvaectasemg8&oht ehoggaphy

[ 44]A1l these printing toexchhiidguee ©if hdhMede heir
(i )Fl exibility to the design process that v
the traditional method for manufacturi ng
Aviation once used AM to improve the a

designs.l dThiavewdeen difficult to manuf a:
of manufacturing that involves the prod
them up to form one piece without causi |
[ 44, 50]

(ii Reduction in the rate of energy consump
met hods of construction wuse human reso
consumi ng. The final product al so comes
3D printinogstwhyi cahutiosmamhed and involves |
printing reduces sever al manual process
and | abour[ 44e,qusO]lement



=y
| N E\"“,\ N
| | > 4
Computer s Toolpath file ; : ;
STLAil 3D printer Printed object
Aided Design = (G-code) P ’
Fi g2¥Ceverall printing process of mat
Il n recent ti mes, the aerospace industry and

using expensive materials, Thacluseiaonfg D aproind
to reduce materi al usage and energy consump
manufacturing process, the tradition®ad%metho
of the original dbitld etthats owh ehD cprmprjtbién]g whi

Al s o, AM hel ps to reduce the number of part
mul tiple parts can be produced into a single
unli ke if the system consists pfmaoufapter ed
GE Aviation was integrated into one piece us

ot herwise been required 20 separ[fadtde] componen

AMhas been successfully incorporated into n
aerospace, buil ding and conMASA chds ncgn duncdt et
on the International Space Station to expl or
to manuf acdamand owil tsh[ich |[Tihhe Bioati ngn Company h
printed 22,000 components for various airect
Defence and Space utilised 3D printing to cr
Beyond aerospacaeppl3iDc ptriiomn s nign fdinWdesr se sect ol
[ SAut ompbRV¥eonstructi ohb5ahalndarevan efftolde pr o
Notabl vy, 3D printing stands out from other g
pot enf&md its r el i-lmansceed otne cclommlud gy .



2. BDl.prmat hods

The technol ogy of 3D printing has experience
automobile industry, bi omedical, food and p
[ 44] Some key aspects that di fferentiate 3D

prototypierddg eane veoetss and its computer basec
of high quality complex structur es, meeetv etr il ¢
criterion. There are several factors that F
including the power/ability to print huge st
defect and enhanckpf6met®apos bdbde@inloipreg tyF DM)
mo st common method of AM t hat primarily us:eé
met hods &8 eAdvasaeted ti ng (SLM) or | iqgSeileéchiwveir

Las&irnterin r@E&EBiSPeypositionmk(ijRED)PrLami magt d J
Obj ect Ma { wfOaMg o, mutr o unrg Craanfd | saitge r(eCfCH 4 . h &IGr]iasp h y
researchouseaes rdde cement based materials for

2. IComnt@arf ting (CC)

Currently, 3D -pased i magt erfi aclesmemdas devel oped

with the most promsaedt3Depmignteixng,uspiomneer e

[ 59]where a robot deposits concrete | ayer by
innovative | ayered fabrication technology i
construction [06f0,.ci@I]lhasg rtulcd upetsenti al to re
industry by allowing for the rapid construct
goal of CC is to enhance building construct
effecdgivé&mens | ar to other | ayered fabricati
stereolithography;co®Q reonplleody sp rao cceosnsp utoerb ui | c
in a precid4s3e nba2nthoew &Y er | CC distinguishes i

designed for t hesccaolnestgturcudtownmr eesfa miadnrggien g mé s ¢
housing compl exed 6dlihde opfrfoicceds sk ui ichle/goid vgedsi on o f
beads of material, ty-pikal sybatahtek oehbogea
A nozzle (depict2dy2ertyaddbeswtha mRmagereal at
the originailyizsyestsemj onhef xthe nozzle iIis co

mani puUtlsattcdhre. nozzIl e moves along the walls of



extruded and troweled wusciomgralsed of owet sat
enabl e the production p6.0mMaypsBhhe wasn da pacchdousrea t e
of the extrusion/-dgcgalwelpmagt dtoyope | @C as ysantad rh d
(from [1]). The wuse of these automated trowe
make CC a vi ab-$ealbprti8mtni fgprappalrigeeati ons. Ove
technol ogy that has the potenti al to transf
process fastfdrectmorree @wmgdt more fl exible in de
met hodusi oextasxiinsg aa t6 cul ated robot system.
restriction to vertical extrusion, which re:

This means that CC creates vertiaalsignt énc<ia

drawback when printing cantilevered [s@4]Juctur
Such structures create weak interfacial Zon¢
structur al i ntfeog@Ar]i ty in those areas

Fi g22Baui | ding construction Ge6&tiencgh fai6dglaent r y r



Fi g2 eTrowel mechanism t[o43lhape differ

Anot her key tekdsnedqu2D i pr ipratritng, ewhi ch i nvol
of binder Iiquid into a bed of powder or agf¢
Digital Casting System, was ivoi tvieal Icmsdewngl a
with a short setting time into wea¥of orf mgor |
met hfoeds5] Addi tionall vy, Technische Universit?at
Printind6(6SC3®»MH)ch sprays accelerated concr e
at the printhead &&]zZAzroen gt & hkewiel & elcahyne rqau e s,
mo st pr omi ssicnagl ef osrt rluacrtque es and has already

proj[eecot]Fi2gasarehows some recent projects compl



Fi g24 e 3D printed projedseda3Pdproinhdlhreg etxe
House Zer(obHumatwiSAy Ce ( tHoadlr oibrerbSAHouse i n Der
(dSerendi x( eBjaclamahpuse i(AMidee smtamnye Hionuds e |

t Neet hefl7@hds

2. Fu.ed Deposition Modelling

Fused Deposition Modelling (FDM) is the most commonly used technique for fabricating
polymerb ased materi al s, was f i [4.tin thdsepsocessj thee d i n
thermoplastic polymer is extruded from a movable FDM head, deposited layer by layer, and
solidified into the final part. Common materials include PC, PLA, and ABS. The polymer is
heated to 1°C above its melting point and solidiffremiediately upon deposition. The quality

of printed parts is controlled by various parameters, such as layer thickness, printing

T



orientation, raster angle, velocity, pressure, temperature, and air gap. Soofbé} ahd
Chacon et al[71] studied the effects of these parameters on the physical behaviour of
composites, showing that part quality depends heavily on these process variable2.5igure

shows the schematic diagram of FDM

Nozzle

Fabrication

Filament plateforme
Printed \ /
part [ T I

Fi g25 e Schematic diagram of FUsdeld Deposit

2. 1.nk. Jet Printing

The first patent for I nk Jedtd]BndnthegtekchBD
| ater developed at the Massachusetts I nstit:
rapid protatypPi ngvplrovessshe precise deposit
nozzl e, with ink droplets ejected by piezoel
printing complex composites, cerami ¢5¢comRone
74There are two main typesbasedeiraks ¢ whkehu
a cold substrate, and | iqguid suspensions, w t
particle size distribution, pnknviegospegd -
t he quality o[ff7.5]Ho wgwviemt ed ipgnattasgi ons | i ke f
i nk cartridges, veaksenremslo&ydnaomd cgnmdlil em g «



Ongoing efforts aim to i mprove AMbossagl i thiPt
technol o3 y. shkiogwsr @ he schematic diagram of |

Nozzle
Piezoelectric
transducer
Printed
part
Fabrication
plateforme

Fi g2 e Schemati ctdchgobamgygf ahdP3D printed pa
[ 44]

2. IStereolithography (SLA)

Stereolithography (SLA) is one of t[Mdhadarl i e
empl oys UV |ight or an electron beam to init
polymeric resin or monomer sol datcitoinv.e Tnhoinso nper
such as acrylic or epoxy, whii cd  tshbdyli ddyaegfrgr i r
printindg©50f 78&dmptiyener composites can al so |
particle dispersionsdeirni vreadn ocneerrasmi famd | go Imom
oxycarbide are75omB&jAmesghbhéedt i ghrts with f
as | owmast Ai®ugh the size of printedp&lrts i s
Potsteat ments, sucduraisnd,e adri en go fotre ip hroeg pui r ed

properti-grsi otfe[dSLpAdowev er , SLA has sever al [



processing
process,
[ 79]Despi te
producing
final

Figar7e

t h

whi ch

compl ex

c ¢ mp AAme retxsamp | e

speeds, high cost s, and a restri
depend on factors such as |
ese challenges and the high co
nanocomposites [32], thoug

C

of printed materials u:
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Fi g2% e schemati c
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di agram of
t echnfod4 blgy

technol ogy

2. IP.oBvBedusi on (PBF)

Powder Bed Fusi on - MBF)eri nfvucslivoens otfh & ilnaey erowd
A | aser beam or binder fuses each | ayer of |
removed after fusion. Additilbhaatisoepmayi ke
enhance part quality. The effectiveness of P
and packing, which affe[ch] Tlve caensi var ohatt be
Selective Laser Sintering (SLS) and Selectiwv
pol ymer s, met al s, and all oy powders by rais

fusi on,

resul ting 1in

al umi[ni,unmkqgy

spee8d0]Fi2g8r ®hows

without

fsul ISyL Mme lotni ntgh et hoet hpeorw dhearn d ,
better mechani cal

t he

properties,

pr
SL

parameters in

t he

sintering

schematic diagram of
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. ID.i feedtnte rDpyposi ti on ( DED)

reeicrter gy Deposition (DED), al d@aslmowmga N eles
t SHAaEINDg reedde t a | D DVDBt, e oinr AArM R eEaBrA M) , anc

reA\rt AM ( WAAM) , I's use-deff Dor maaluld[ciEdpte i ng
volves using a | aser or electron beam to
positing it onto a sSupS8DEHDt sytst emeeatad ua

wder or WwWi8t2e] Ploovaeedo®ED typically uses a
tal powder into the melfte¢gpoDEDC(r®wad!le dadyWA:
continuous metal wire into the h&8&2fWisoer ce
d systems generally offer higher depositio

sed systems provide better precisifd@®2]and a

|l i ke powder bed methods, DED does not requ
position, making it suitable for retrofitt

i s deaplolsovisi otnhe use of mul tbiipnleed maittehr i sad bst,

ocesses. 't is commonly employed with mat e
umi nium all oys, particularly in aerospace
eeds and ability tob hasdlewéargecuoomppnanm
mpared to methods | i ke Selective Laser Sin

DED is ideatomptekatgecompwnent 8.2 hTdh a enpeati hr a

of
mi
au

P a

fers reduced manufacturing time and cost,
crostructur e, and accurate composition <co
tomotive and aerospace, Es Q2 e slhlggwsf md3rez d ur
rtes with DED.



Fi g% epPpbDinted pa[rdds] with DED

2. 1L.a8ni nGibtjeedct Manuf acturing

Laminated Object Manufacturing (LOM), one of
1986 and patfa@nfgtledM iinmnvibd-Bleayeheclbtatyiemng and |
materials such as polymer cdmddseidt etsa p ecser aSn

|l ayers are cut and bonded using ther mal bond
manufmagtufroundry, electronics, and smart str
(UAM) , combines wultras oointp unmeetra INusree@ Mmizvad | dCol
milling. While LOM offers advantages such as
time for | f6yelitddatdiviocckteu rleoswer sur f ace quality
and -¢omumi ng removal of excess material. |t
enables the construction of met al structur ¢
el ectronic deenteasal LOBMSsiporeducing toolin

making it suitab] ] TaZzb.klb@driglerusdtrraudcet urhees cl a
AM processes and itnhietoahtd vobdMnspageesard, respect



Tab2dle Cl assification of AM processes

Met hods Material Technol ogi eResol ut Application Power source
range
Materia CeramictsFused Depos FDM5 { Toys Ther mal( FeDiM)r
extrusi (CC) Model I i ng 2000m Raigpg prototyp Mechanical (
Ther mopl Contour Cr a Large struct
( FDM) CCc1lo50
mm)
|l nkj et Il nk or plnkjet 5@2000m Biomedical i PiezoellkRert mal
(e.ce.r,ami Automotive | energy
slurry,
phot opol
Vat Hybrid pStereolithol®fm Bi omepgictdty Ultraviol et
pol ymer cer ami cs
Pow®Berd Powder Selective L8@500m Automotive El ectron Bea
Fusi on Met al s Direct Met a Aerospace Hi gh powered
Al l oy s Sintering Bi omedi cal
Pol ymer sSel ective L El ectroni cs
cerami csEl ectron Be Li gaeti ght str




Di reedc t Met als alLaser Engin2500m Aerospace Laser beam
Ener gy Al'l oys i (LENS) Bi omedi cal
Depositipowdery Electronic Repair

CeramicsWelding (EB Cl addirnet ramfdi

pol ymer s
Sheet CeramicsLaminated CDepende ManufacturinvlLaser
| ami nat Paper Manufacturil aminat EIl ectronics

Met al ro thickne Smart struct

Pol ymer

composit

Me t-fail |

tapes.

e




Tab22e Advant agne $oafa mabdndsi t i ve manufacturing processes.
Met hods Advant ages i mitations
Material extr Cost efficient. Poor surface fini:¢

Mu [-nhait er i
Post ext

simpl e

al prinSize

rusi on L aykey

variance due

ayer finish

Il ket PrintingWi de ran
Decent r
Ti me eff

ge of <ccCoar s

ange of

i cient L a ybey

e resolution

ayer finish

Vat polymeris Hi gh pqgualtiitny SI ow

Good acc
finish

Fine res

uracy atbLi mit

printing pr ot

ation of mat ¢

Rel atively expensi

ol uti on

Hi gh speed
Pow®Berd FusionLow cost Requpo-gptsocessing.
Hi gh accuracy Hi gh power usage

Wi de r an

Powder r

ge of miéSlow printing pr ot

ecyclin¢(Not

c

ost efficient

Di rEncetrDpypyosi tiReduced

materi alLow

r

esolution

Mp



Ability to manuiLow accuracy and ¢
component s. No support struct.
Ti me and cost eiCapital cost is hi
Can be wused for
retrofitting.

Sheet | aminat Low cost Difficulty in mani
Hi gh surface filtshapes.
Time efficient Potenti anatfeon ahi gvl
Wi de range of miPoptocessing i s r.
Production of |




2.3D Printing Materials

Research on 3D printing materials is crucial
have been developed to meet di verse industr
cemdratsed materi alCe mémas e3dd mpatienrtiianlg.such as
significant attention in recent years, as Al
Concrete is the most widely used buil ding ma
and versasihélpitHogwe v ert,hiasd afpmitrien3gDalpr i nting pr e
chall enges and requires the devel opment of
Various research studies have focused on op
The composition of aptynt alxlladeesenaar ectoembti ynpit c
materials (suchrapl aeenen), caggrengattes (such
someti mes admi xtures or addig8@83, veRelto@aranhamgs ¢
explored the use of different cement types,

|l i ke fly ash or slag, to i mprove the workabi
the printeddd,cBbdhadt6ddevel opment eolnisquudsabil £ 3
cruci al aspect of concr ebtaess exdD npertihmotdisn g sruecshe a
or gantry systems, are commonly employed, wh
the desired structur e.n Roepsteiamicshienrgs thhaev ep rfion
including nozzle design, | ayer thickness, p

accurate and/ 0s8&%B3b/Oeepali ht sthe research on 3C
by the need for advanced materials with spec
of AM.

2. Dwvle.r vicewdaafts3edd pri nting Material s

2. X.ednebnatsneadt er i al s

Cemebnmatsed mpaetiabbarly concrete, are among
mat erials globally due to their ayaudhmbas it
strength in compressiohl] €onabieltetys wmepdshatr
being moulded into various shapes because of
granul ar materials | i ke sand or gravel, bou



cementitious materials (such as cement or su
additives, admi xturleasradh@gi a st espeamndicepe o
compacti on, hi goclemssseongsh, ahdwdGOtility can
wi despread use of est abdgciosnhteidn ueesmptoos i & X PINGT,
var i[alnNntkkowever, concrete production faces si
ened gyensive nature of c eme nRbtu rmri cndu cptrioocne, s sp
significantly coaeamrsduoes. tAngtl ndbal clCHI | enge
is the physical |l abour required, especially
the placement of reinforcement often rely on
probli emathen constrawdgt ogge scevehipriieexs .orThi s can
i ssues for constructionagewkegkfsgr ees piercimdny
countries. The US Department of Labor's Occ
( OSHA) identifies several hazards in the con
irritation from cememni dmnasdequunsafleockpuwitp
overexertion, awkward postures, slips, trip
Mor eover , ushee oeff fmatiernital s i s another chall e
raw materials discourages the adoption of S
preference for geometric simplicity over mat
contributes t o inefficiencies, further C 0 mj
sustainabl e [dEc i gwnc pe acftulcleys 3D -pasaed mdt ercit :
without visible cracks or | arge pores, It
and optimisation of -pasend i magt erairaalnmse t erres wWiedns
hi ghrengt h, durabi [ BOYThainrd ifnirtei ale sfilsdiad c £t
moul ded into various geometries and shapes,

appli ¢@01]ons

2. 2Ce8memix mesign

A major challenge in théeasepeatatefri ZADspdi retsi
of raw materials and the opti mi gatliadre dofmamiex
properties such as pumpability, extrudabilit
ensuring t hDe psruicncteisnsg oafnd3 extend f ar beyond

specified in concrete codes and guidelines,

MYy



and workability tests. Numerous studies have
and refine mix proporthasesd faop[pd3lc pirs it mpar tc

to note that there is no standardised mix d
binder s, such as Portl and cement , sul f oal
geopol ymer sss¢l9®R&le |l lmee®er ms of aggregates, ma t

|l ight wei ght aggrwagsiteesse,d ampdurceavgeatsesodppder t ai
and recycl,ddavaeg dbreeqatiensc pr p oatpapnlgid¢ & thilodrdlgs D
Furthermore, additicVay ;diinlkiecos,i |aadhi  iysneg s iatgym
(VMAs) have been employed to modi flyld®h=] r heo
Tab23presents the mix deast gmidalbadud®spr-i ptedn
based material s

Tab2d3eMi x design and descriptions

Material s Description

Ordinary PThere are different types of

cement (OPstandards), CEM-018 5(2C a5n,a dG S As i
H oil well cceomemnman | yT hues ento stty p e
of iIts pure state.

Fine aggreThis is a combination of natur

of aggr egatpersi nutsiendgbfasfre d3edmetna r i
range-2mfim. 0OABbt hourgehpornt ss,ontehe p
O. MAno one has ever mme pggtr edha

The materi al constituent may
concrete, crushed stone and ge
Cl ay Clay niass umalklhyring crystalline
devel ops plasticity when it is
around the <cl ay particles. TFt

brittleness, -pharsdrhds witmagndp miomt

grain size‘are |l ess than 4
Silica FumSilica fume <can-sallsaab epnrdoadidset

ferrosilicon i-hdosetpygpwdeéet. i bt a

mechani cal and durability prop

M ¢



FI'y Ash FI'y ash i s often usedohtnaimoed f
pul veri sed c-paWwergatheehecthgi cp
suppl e@eménat Mait eusal (SCM) whe
cement [c®mcirtetheel ps t o i ncreas:e¢
contributing to the hardened p
hydraulic activity. FI'y ash al
permeabil ity and shrinkagenprod
wor kability of fresh concrete.

Ground GraGGBS is used as a suppl ementar

Bl a&sutr nace replacing a portion of cement

(GGBS) sustainability of the concrete

Fi bre Continaegarch on the applicat]i
concrete oinsgodulrgreengadmmon types
HDPE and polypropyl ene. Il n mos

Admi xtures Sever al admi xtures are wused i1
common ones are superlatives,
and rhamdier wdtier ng agents. -Obhet
admi xtures and acceleration ad

Recent research has focused on developing n

cemédrmatsed structures. The prbiamsdeMyr enadbeansaeadl s u

composites, which consi st of cement , admi xt

materials, air, and water. These materials a

prol onged workability bbdfremetdéxttroussiugpm oarnd st

[ 1069 achieve these requirements, the addit:.i

cement mixture is crucial. Additivesjl soah ¢

are incorporated into the dry migatopeopantci

t he cementitious structures. The mechani ca

compressive strengt h, tensillée7 s Ati@dB gt lonalalny

admi xtures |l i ke -enupearimlianygt i &g esretr s,;r edace Ingr a

agent sr,edwadiemrg agenmesdi faynidn gv iasgceonstist yar e mi X €

during the preparation propespPosEhessualtdmias

H N



water

r heol

=]

content, improving hardening or sett.i

ogical propertieflOB]the cementitious s

Le e[tllalkled an -beaxsterdusmeanrh odol og yb asperde pnaorritnagr a

silic
desig
kg/ mj
achi e
a mi X
in th

The r
proce
matri
i ncre
extru
print
|l ayer
mat ri
Yield
3D pr
build
cont a
ef fec
mul t i
moul d
|l ayer
pass
pumpe
as pr
wor k a

stabi

Li et
prope

a fume, cement, sand, polypropylene fib
n was found to be 83 kg/mj of md,) iT&5Tfu
of fly ash, and 232 kg/mj of water. U s
ved compressive strengths between 75 an
of gypsum and cement & ost 3®&n $lrlh0s tMFagl O (
eir tests.

heol ogi cal properties of cement matric
Ss, which limits the "open time" avail
X is relatively easy to egsititwdef hobwe me
ases, resulting in reduced workability
ded [elflfldAclttihvoeulgyh t he sti ffening of the
i ng process, this phenomenon i s essent
s of the structure. Thispbehaei mdr tihe
X, which can be monitored through the e
stress is the stress[ IrlequiF®3] ttloe i murp
inting applications, it i's essenti al t
ability. Workability refers to the peri

ct with waterrhdepegdcalg s®shatae suhatabéalkl
tively through the printing system. Bui

ple | ayers while maintaining a defined
allohheasmde so that each new | ayer adher
s without deformati on. Printability, or

through the nozzle of the pmatndriingl heceard
d and extruded to form continuous, stab
i nting speed and pumping pressure pla
bility, printabiltlty,i apactbut heabdxtiagygi
l' ity of the printed | ayers

lladnvestigated various cementitious mi X

rties, particularly thixotropic behavi

H M
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I ntability of etthpdlldexwted rogpse.d @Go snseetlhiond wher
mbi ned at the printhead just before extru
celerator are pumped through separate tube

ntrol overthédemormteamd ogVhiod met hod hel ps m
operties for a | onger period, while ensur.
abling the construction ofaxlargebotomplaexm
mpaor y supports. This innovation allows for

d after extrusi on.

enhance thephbiunt edbdmlulgee]pwd e 8dDd t hat when
| phate exceeds 9%, tketde mgntsttartans iwthiiamhs
uidity of the cement mi xXtur e. The additio
mpressive strengitratoefl yc ebmeMRa byt appaod 7
mpressive strength at 28 days varies: it

t ween 6% and 8% but decreases when the con
rength of ceémpgattandd tamdded&rease gradual
ntent increases. Additionally, al umi ni um s
cement, with more significant shrinkage
nt edB. i s at

her studies focuséed exn steltd | sgr ayxicred-eafat al
ma[nldl 7,. JA18dosage of 2.5% accelerator by v
ngham yi ebdx béwhtednea gctohmpbayr ed wi th the refere
tributed to tHeebaatccehat attchre (agrkiarhari |y
| phate), acceleratefdliiEterysigallei $at aonr g
rmed when the accelerating admirxtnureed icse nmeep
sed dtlrlwect Wbeéhjsequently, the use of accel el
ereby influencing the rheologyl7as 1dD0Dscus
erefore, the addition of an accelerator di

rdening of the mix, ultimately impacting b

study conducted by Bhad/dmchede¢adet matd ISiagh
celerators significantly -brasckuwc emdattelre aket
celerator reduced the setting time to 4.5

ur s 15 mi nut es t o &t ihoonur se s3i0stminrcet etsestBe
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t h
h o
do

celerator dosagersetssahsmwaee dc drhrags gdrediimg ttial 3
e
u
S
accelerated ettringite-ufpor matiaonot hpromotwuidyg
n
d
0

final setting time to 26.97 N/ mmjJ. A 3%
rs and the final seitpi 3¢ aritmengt @afé.e2 I[2ouro

ages al sogr éduneesd bgetatbout 1.5 and 1.0 ho

Sa

an

t hah2o2hj]ser ved that when aluminium sulphat
S prdaegyneadn donon t hersut feacaseore nsBtDr uct ur es,
fl

strengthened outer | ayer acted as a sacrifi

cculation and the rate of hydration, enh

Ssubseque[nitl 7lJwrdtsher mor e, when the accelerat
di stance of 50 mmayromfthaectsiuomacest X showed
a depi7h nomi f5  om t he surface, with no ettring
conatred to the early strength devel opment an
detected beyond this depth, indicating its |

Tay ¢tl28lvesti gadepern dhenttimeeol ogi cal behavi
and |inked | ow bond strength to an increase
time gap increased betwednl 2143 & €lt2s5.]b Bt end | po b1
strength to thepofrersmatni otnheofi niiecrrloayer s of

resulted from extended time gaps between con

Le eflBb0mhpleasihat extrudability and buil dabi

properties in cementitious st r dpcetrufroersma nicne tni
with -a0saddr ratio of 3:2, which included 2
fumeppbkemented by 1. 2 fkdg/rmgjyi tdf ap olleynpgrtohp yd fe n
di ameter of O0.18 mm. Thd ndiext urad i @l od MNad 6a
0.5% retasdeer plbas twéd igsheer ofopthiembxedpabtdhis
of smooth extrusion through a 9 mm diameter

strength to support 61 additional |l ayers wi
mi XxXture al so demonstrated ant hoeg ecno mp rnees soifv el O
a target of 110 MPa at 28 days was establish

this target upon testing.

Zhong|[ & tetx@pll.or ed the use of 3D printing in d

pol ymer nanocomposite structur e, concluding



strengt h, el ectrical conductivity, and mech
properties of cementitious material s. For fii
(PVA) ahdrdepidgutcemme Peswase i ssues such as

and | ayer deduwmimatt hbhen,s gpmoEltes i n water mitdi

Kazemi gnl Z2eddlemat . fi ed Portl and cementscad et hues em
in automated construction processes, citing
materi al cuan omli sedbeadi |l y avaptliglrsdeoa dmainxteur
their study, they focused on a mixture of AS
with a maximum particle sizecloafy 2an3d6 smnh.i CcE
significantly i mprov-pdi nthed adsampensatpaeh iesltiatbyi |«
ref

(0]

rs to the printed | ayers'’ resistance t

sub

(7]
D

qgugrmt] | ayers

Al Jas s[nbid iptlsaelit he 1 mportance of finding a &
buil dability in 3D printing. They highlight
|l ayer s, as it affects adhesion and bond str:¢

printing process must be carnmeflualyleyr sd ecsaing naedde

support the | oad of the wupper | ayers. They
' i near speed, | ayer t hickness, t he number
characteristics (likeodghyrneessheiarmd , v ewitditchal
adjusted to i mprove the printing process.

Jianchfaa28tandlnned the production of mortar u
Portland Cement (OPC) and Sulphoaluminate C:
t hese aeeheenitrs pl asticizers, setting time con
OPC i s wehdarbayctaerlionger setting time and sl ow
setting time and higher early strength. SAC
its higher early strength andyemypadeseptingi

process, all owing the | owe[rS5Hoaweevressttra diteup po
perfor mapece noed3Pl ements remains unpredict al
propelrhtiisesvariability arises from bothaitehder
i nconsi stenci es. The distinct additives and
di fferences in early sSonmengrt ds eaanrdc heea tst ihnagv el
enhance strength by incorporating glass fibr



were found 1 nadequbaetaer i fnagr choamrpiomemttal sluaced as

[ 64 everthel ess, 3D printing npatoeyreidahioe fwmhli c
conventional cementitioumomhatdbBecaemsngophdtbe
product, offer the advantage of producing co

traditional [64$ting met hods

HambacH 1€¢%]mllor ed mi xing Portland cement wit
basaibt mm}y. The mix design included 61.5% Po
water, 2.5% water reducer, and 0.3% of a r
thickennggpdunting. The study found that th

MPa and a compressive strength of 80 MPa.

Sever al studies have been conductedprtionteenchan
mor tidr2][.9 These studies focus on optimising
parameters to improve the adhesiwhmnmclheti weem us
en
t h
hi
di

mo

uring the structur alriinnteedg rciotnyc raende ded rearbei
i nterl ayer bpmidnthgd smorenagnt hi ©f afBDect ed
|l ighted i[n 39e.velRIAY]h isa i@liveesslit.i gat ed t he i

erent curing environments on the bondi ni

i—l'—hj

ar interfaces. Their findings i ndi catec
interl ayer bonding 4t [ag &deipho.r tlend ctohmattr a shte, i We
strength was significantliwnwg emamancetdumangerc
conditions. These contrasting results sugge
bonding strength atbjteltd ot erefbaade ,r emmaierss i d

clarify these effects.

Wo |
strength. Accor dilB@ Jttlbe Slacmg sa yafn ssur fadce moi s

—

s| &@82eplorted similar findings -rayamr dbomgd

f a
bl

ctors ad abgerirmgriemgeh, along with process
e
bond strength of interfaces protected from ¢
Vv
y

eding 1 dt¥er tRmaurs sednf i rmed the I mpact of

revealed that the interface strength was 90

i npgarceodn t o t he reference materi al

Feng [elt3italYyesti gated the meaharniedalc ebmeemavitad wrl

revealing how the printing process affects

HP



Finite El ement Modelling (FEM), and microsco
orthotropic behaviouy ayesuptingi hgomrohbhesbay
el astic modulus and compr essiivre rsetsruelntgst hd ebnuot

t hat ekxdsedi pnocesses yield components with

i mpact tbregarlimagd capaci ty. FEM analysis furthe
plays a vital r ebleea raiawp gt dhiet st ruct ur al | oad
I n addition to traditional concrete, resear

with enhanced properties iHhgHe h€e&or Qdnaaraee nee d
(HP[C8 4, 1,10s-thda3ibg ni rAbga sceedmecrotmposi [ e4240%8CC/ EC
even printablldad4d8g Wi ¢cbdncregtaed to 3DPC mix d
mi xXture proportions have beph4dPpB66bpondedmpopri
met hods for mix design have been formul ated
[ 147, 148]

2. Bresh propmehf®sdomatcteri al s

The fresh properties of concrete, such as f|
are critical to the success of 3D mateti alg' ®
ability to be extruded smoothly through a p
and bond adequately between | ayers. Proper
printing, structural integltipyodaaote dWertdadbhit
properties, 3D printed concrete structures m

during construction.

2. Fllowability

Fl owability refers to a material és ability t
This property is crucial for evaluating the
sysféamd4]Fl owabi lity can be assessed through
Qualitatively, simple tests |Iike the flow ta

the quantitative appr oach cthyapriactahlel rymai enevroil avl e ss

by measuring key parameters sTulkdéer falsooywd @iditeii tcy



materi al iI's essenti al for smorotdonaraetsg dneit ad

printing head while ensuring the right consi
the high workability needed for easy pumpin
material to retai pl“d®f shape once deposited
FIl owability depesndshoas sehermal hédesibogp ahdt a
These include the pumping distance, the pump
pumping distances demand careful control ove

its consi dtreameyp b0 firrhiengchoi ce of pumpi ng meth
stator pumps or pi ston pumps, al so affects
Addi tionally, the diameter of the hose musH

aggregate si zes[t4og prevent Dbl ockage

Tay piLlSénjt.roduced a di mensionl ess parameter t

the flowability of concrete mixtures. Il n th
through the pump operating at a conmdsanwasspe
measur ed, and the flow rate was determined |
index was calculated as the ratio ofThae f 1l o
results demonstrated t hartoptohret ifol noaw a bbiw ivtaye uienl
of the samples, -fmeawmiwngl thegheaor rsé upnpnd t o a
Conversely, the index was found to be invers
mai nt ain a condsiicsatteinntg ftlhoawt raast et,he npumpi ng s|
index dAcrsddgddan.g pli bebBdnralsdd mavadry | ietsy abl i shi
relationship between the concrete flow rate
techniques for assessing pumpability include
and rheometers, al | ofedwhinchprarcd i cemmadrley ee
insights into the rheological behaviour of ¢

di fferent conditions.

2. Ex2.rudability

Extrudradfidénd yabo |l ttheg oft oo hpasnsattemn adgh the
continuously and [i8] &nminamactofiflawability,

evaluated through both qualitative and quan



gualitative aspect, where a material i s deen
i mperfections al ongusaudlolny [eEOteVBUuesn oénx gonap lhe ,

[ 11a0s]sessed extrudability by examining the s
which extended to a total l ength of 4500 mm
determined wusing flow tables anddr Hedmaneart <
i nt e[grd@ly

The nozzle plays a cruci al role in the extr
concrete | ayer and influencing its appearan
orifice shapes are wutilised, ehc¢cli pdi cql y e ovi
selection depending on the specific applicat

of printing at corners or when there are <ch
reduced contact ar eds bmdaweeomprhemiexd rtulde ds tha
| ayle¥rs2dnversely, a square orifi de &thalndd fteo sy

greater eas ¢ 1lic@]necpoanrsetdr utcot iconmr cul ar or el |l ipti
of the freshly deposited | ayer, the hdbkzl e :
The di mensions of the orifice used in extru:

the objects being printed.

Therinciple of ram extrusion and its applica
has beedd exglhoce®ntri buting uniqgue met hodol ocg
3D pr iPretrirmg| 1edgmlli.ed the principle of ram
extrudability of cement mortars, an essent.
extruders are employed to evaluate how well
continuousn@!| bowe dprOtnhteirn gmeptrhoocdess sused t o me.
include the Penetr[adthjoad RRees i-TSdsata elgathdidodo o dh

of which provicharalctt ®en stasgewi t ar whi ch cemen
be extMau®@® Alhtroduced a novel approach to m

on the electric power consumed and tshetlteéow

printing process. Their study identified a
rate, and printing speed, providing a more |
Nerell §1@8dbl]saol .expl ored a method to evaluate

measuring the energy required for extrusion

HY



flow rate, further contri bwteihrmguinodoerrt heex t v rudsa

conditions

2. Bud.l dability

Buil dabkitkeor styhe material's ability to resist
vertical [ H@,p.oslbt6j ddinrectly influencepritrmteedst r
objlex@6]For opti mal buildability, the materi a
after extrusion tamds upppo wteiigths aonvid swidit slgedgttuaenndt
extrusion pressure. I f these properties are
or col | a®@sOpr oviigllerse a schematic representat
deformation in deposited filaments through a

=5/ 5 )

U

.

< -

(

(a) (b)
Fi gar0Schematic illustration of wvertical an
filaments through a circular nozzl e[ 1Bhlowi n¢

As with other 3D printing methods, buil dabil
guantitative approaches. One of the simples

| ayers memcdsutrienrgy t he compression of the bott

|l ayer s. However, this approach has a signifi
trials. To addr ess t his i ssue, researcher s
exepr i ment al apparabyayeirmsitatued utrtee olfaydr pr i

weights and measuring the height reducti on

conditions without[ &&reostshiewre gnuaatnetriitaalt iwaes tnee t

stability testet [ESZA][Thiys Kaeemcamphodoyisc al sa& e
measure the height coll apse of the fil ament
controlled environment for assessing buil dat

H ¢



uni form | Dlalslh otfflieg udief f er ent met hods used to
ui |l dabi et tf@|5a7fRdi bRws h[i h4h5ale e asaluggest édbresor g
nto the mix. Ad[d9ftd uwmdaltihyat Zthhaen gi nectl uvasli.on of

(on

enhances the yield strength of thdétmatpaidigalt e
nafxd ay has been identified as highly effect]i
print3Im@P)and its wuse is recomméidd&D] Gnenum

ncorporation of calcium sul phoal uminate cen
hydration and accel erup ei nt hteh & amoer toadr ,s ttrhuecrt eul
the buildabil[igeg, AtledBIDPE&Enal xeys the use of ac

the mixer or at the print head, has[ be&n r e
162] For instan[ckla8pie¢i eldifmpeetakb&lali ng accel er
head, whil e Bhaiusppdhaihjr @ae¢ katt call er atpirngtadmi x
by spraying it onto the printed structure.
faster setting ahRCBngswfcftiucriadnts tbhawiilldabyi liint y
horizont al def ormation of deposited | ayers,

strujctu4€hi s problem can arise from various
i n t he height direction, resul ting i n a s
Additionally, the mix design properbdutees ,t  uc

these deformati ons.

Applying load
by placing
plates

Deformation
measurement

No slump fresh
. material

Recording
weight

Fi g2ale Buildability test: (a) sneddloidnagn@gl( &t
cylinder [siG®]il ity test



2. Vpl&e.n ti me

Open time is the period during which freshly mixed concrete or mortar remains workable,
allowing it to be placed, extruded, or manipulated before it begins {18t Time plays a
crucial role in influencing the propertie$ 3DCP, as concrete exhibits a thixotropic nature.
This means that the application of shear stress can influence the setting timenatdhal,

which is largely dependent on the workability of the mix defif®]. As viscosity increases

with time, the longer a material is allowed to set, the higher its viscosity will become. This
behaviourhas a direct impact on both extrudability and buildability, making it critical to
monitor. It is important to distinguish between open time and setting time. Kazemian et al.
[127] referred to open time as the "printing window," which has two key limits: the printing
limit and the blockage limit. The printing limit refers to the duration during which the material
is printable after mixing, whereas the blockage limit is the powhath the material becomes

too viscous to be extruded through the nozzle. To determine the printing window, equipment
such as the stacking plate apparatus and the Vicat setting time machine are employed. These
tools allow for precise measurement of thenpat which the material reaches its printing limit,
helping ensure the successful 3D printing of cementitious materials while avoiding nozzle

blockages or other flowelated issues.

2. MHardepwreodperties of 3D printed cement

3D printing oper dbleasy etrhrdoeupgohs itth eo nl aoyffermat er
vi brators for further densification or compa
extruded fil amemjy sydueekodoroakh®eonam@hh&d8]l eads

ani sotropic behaviour in the Pp2i hhegde stoiuadg
referredf itloamenti nMmaogiads, negatively 4ipmpadtedt h.
mat erliladdHowever, certain printing parameters.
role in minimising the size and number of tt
compaction of the material, which dnohjueat .i
The overall print gual ity is highly depende



printing[fpddmakt eaigs careful optimisation of t
strong, -gpluirmatbé @& [StOr,u cOt7u,r elsl.4, 16 3]

A void between 4 filaments

(b)

Figa2r2 i near voids betwedn| faimeame vtos diSn aimel
and (b) [dildé view

Il n most | iterature, two main approaches are

printed cementitious material s. The first aj
and nmoausltd speci mens from the smsmearmatprramdr éd
by extraction thf8udgh88awilag@, adi6bfaridt@@t p6 2,
[ 129, 16 7,r Ic@&]ting i n mebowl apgersi enxit m[als6nPY n t b e
171] The second approach assesses-ctalse¢ Bamepe re
[ 98, . Th27]fi rst approach provides insight int
printed products compared to traditional me |
mi X proportions. Due to the uniqguéhcbalrlkenaege
focuses on studies wusing the first approach,
|l i ke compressive, fl exural, and tensile bor

shrinkage, cracking, anddrennfartreemsett mehso

2. Lolmpressive strength

Compressive strengtelsirsdfaemrce ttm & rmatka rniga lu'ngd ¢
the most <critical test for eval ualt7Zi2nghitd et e
provides essenti al i nsights ipntiont etle cementi

components. Accordipdgldd hreeanearhamilwywl Lipeetf oa



| ayer of extruded materi al I's often superi ¢
i mprovement i s attributed to the influence ¢
t he material's dHeonnseivteyr , anvh e B t rdecangstird.ee x nmgu d
components, the influence of pump pressushr esb
print pgquaayl iat ymor e criti cal role in determini
strujctl#Heer e i s ongoing debate regarding the
ver stps il ed speci mens.

The anisotroprcnnatdumaet efi 8Ds al so influence
l oading direction pl dyiidjwe at ipgavwadapr e ©dieve LS

sa@wut tube specimens tested in three differe
and |ditreeadi srhown 2ILBANMamgguriehe three | oading
l ongi tudi nal direction consistently exhibit:
previouls86tudr43gr3Ihi $78an be attributed to
hi ghest pressure is applied in the longitudi
during the setting process, the fresh mater:i
where the pressure i s mininmall33d.uel6dsgt |tyh e iant
perpendicular direction, the materials exper
of theFrloany ear scompacti on perspective, the | on
degree of compacti on, the perpendicul ar dir
direction from the |l east, which resultthe i n t



l ongi tudi nal direction, while more voids or

directions.

L - 1

(a) (b) (c)

Fi g2r3® Testing in different directions for ¢
l ongi tudi nal and (c) |l ateral to the | ayer o
path, and the x and z axes ard pdarreelcltalont o

respectively. The pyimfa&d&] ayers | oca

Panda [Otbpfdlered another explanati on, focusi
transfer. They proposed that |l oading in the
transfer, whereas | oading in the persdgeamdi cu

bet ween the filaments, f WOmt htehre ,vweoldnktmdosmrkyiy t h
Vol kine2a9]d Zhahpea®lpoalted a significant decre
in the |l ongitudinal direction compared to t|

[ 164Jjund that printed samples exhibited the |

the highest in the | ateral direction. These
research and experiment al dat @ehavbpruit retod du 8 @
materials under different | oading directions

for t heseAswaroinet 16t8cxdl e d epr ionft ed hol Il ow cyl i
compression to exploreviehsogeéometshiapals, e fdfeen
that the compressive strength of hda&lalngwyawl i
et [dl3¥30oJund that compressive strength varies

with speci memisnuhtaevignagp ae x2h0i bi t i ng h4iogrh-e3r0 st r

on



mi nute gaps. This change may relate to boni
Hambach ang¢12&t)Jukdmeerd f i bre types, printing
concluding that fibre type and path had mini
direction was t hehk&ky [iléftklméncedgt hactaddi ng
increased the compressive strength p164grint
found that i1increasing glass fibre content fr
asthased geopol ymer mortar dud 1ta08 X]he i ntrodu

2. FlZ2xural strength

FIl exural strength refers to the stress at fa
of rupture, bending strength, or transverse
the |l oading direction playsalastreaoagah, rebkpe

printed structures due t[ollidneiest agastetdr ohiec
fl exur abebhawidowy i nted prisms by conks0,deXx3 g
164,, 18Mdugh most studies typi[clalld,y o9,y laxd,

with some focusing on just one or two.

Mo ssrtesearchers have only evaluated tprrieret od t
speci mens, often without detailed descriptio
fl exur al strength is obsenmvéd)i nwhbkeel bhgi a
tensile stress occurs along the extruded fil
This area benefits from btettitrede rc ormgptaicd i dwne atn

of the upper | ayers m,ndcdrter ibbl veteidn gn gt op hkeingphm

[ 11He mechanical properties are also influe
extracted, highlighting the i mportance of c
factors |ike joints contribute Wdonahi $0ot mame:

(FiQqabed) and vertical j it tes) bedmweeme dtag ed e

peakress region, significantly reducing fl ex

op



PSPPIy

(<) (d)

(e) (f)
Fi g2ar4e Different testing directions for fl ex
( bp)er pendicul ar, (c) & (d) longitudilrnal] and

Le etlladllsi milar to their study on compressiyvVv
of speci messrdakén pfrrionmmed s$shdbpednbemachri ahe
t hat samples from the curvy component exhi bi
but | ower than those cut from t he sttircansghitn s

print quality along different printing paths:s

the results highlight the instabilisghapaend i r
printi@8anijpaydin 3eBbjsearlved t hat the flexural st
initially increases and then decreases as th
i n compressive sQurtean gftlhfitoltbddvetvieat @Al exur al s
with an increasing time gap due to the weake

that San|ja¥dapg etotalof fer an expl aQuat aioyn dtoralt
[ 1 7slpleci mens were produced wusi ngnaares pledaniofti ¢ |
an automat ed Pparnidnat] ierssphppw.eoct etstksat i ncreasing t |
from 0. 25% tboasledd ignedpoyl yalséhr mort ar enhances



sampl es, regardless of fibre I engths (3 mm,
research -mmvbasahng fli8bres, with cont[eln&5]rang

Given the successful applicati[om6o,f HE& fijrac hal
and Vo[llk2nmeMa [ €t8 5daln.d S hlalk7o8a]p et alhi sed on this
i mprove the hardemed npedf cwrermeamde tofou8Dmater

fibre alignment i s achieved when the diamete
fibre[l2gtm&7]showl5i Fi Birgumei nf orcement th
of fers significant advantages, such as incre
content, and spatially controll abl e mechanic
fully autroumattieadn cprnsdesses.

s

) A
% T
R

\\*

— —— — ee—
—_—

Fi g2 Schematic e s @ mtsd tdieornt heaef pfriimrte nal in
i

[Ad4process

2. 4T &8nsil e bond strength

The bond behaviour bet ween new and ol d ceme
investigation for sever al decades, particul
strengtheni nd 1tA®e2s|]eResternudtyyr ens t h t he advent

has turned toward understanding the bond beh



which is cruci al i n deter mini ngprtihret eath i psart tr s
| arsge@al e 3D printing, 1t is eg[slelndt]Camp rteh emnxnis
revi ews and comparisons of these test method

[ 43 ,-1A®]3However, in the context of 3D concre
met hods i s significantly Il imited. Tensile te
of printed structures. The bond ®trabhguisiion

successive | ayers and is dI88q. aM@Bghcstodi ef

shown that an increase in the printing ti me
which results in theO6éorhRad9] examp|[éB8b&apddiant
that reducing nozzle travel speed oeprr ihnetiegdht

geopol ymer mdrlplaopoBed empradvi ng compaction
| ayers together with the nozzle sl 8®¥frtdegd emb
that this approach could compromise the geor
and Sc[h2ultOidesnt ed i nter | ayer -chuotn ds asnpripeensgn thé du3 [
filaments. These samples were adhered to a
was applied, als6 sShiominl aml y,i[ PvEadrecdiintetnetd ebto nad .s
tests-can pawnted fil-mmmdatesl|l ampngi ahctuwbdoment
that pulled in opposite directions, effecti
studies highlightsitim@ t me oirn tae rederai yondtr ecdp dsmt anii uncgt
as the mechanical integrity of the printed

bet ween |l ayers is insufficient.

® ‘F ®

L) —1—*%  Metallic bracket
Test specimen

—
\
N -

——— Metallic block

Fi g6 Tesdtuipndg os etme as uraeyneerntb oonfd i2rdgt esrt r e n g

oy



Accordi ng [ Lt atOnlee reetduaclt.i on i n strength betwee
decrease i n inter luanyiefro rand hsehsriionnk aagned btehtew eneonn t
As the printing time gap i ncr easseecst,i olnar gfeur
wekaeni ng the bond. After the iIinitial | ayers
ti me. When subsequent |l ayers are printed, t
insufficient to realign or redrayamge (Thhe si mte
an incompatibility of shear stresgs] 1b2e3tjween t

Figwdé&provi des a schematic il lustration of
demonstrating how the interaction between t
filament can | ead to weakened adhesion and t
isritical for i mpr ovi ng ttheer mmedcuhraankpircliaimtt ya dnotf e

cementitious structures.

Subsequent layer
Concrete 3 I‘ Interface
layers material

Initial layer

Fi g2ar7% Schematic il lustration o[ffl1l4]e mechese

The interface materi al is a thin film that
extrusion and plays a cruci al role in deterrt
filaments after §20ixjasmidomno. fMelcahnecnhtesr iwiiet h v a|
focusing on the interface between them. The
to a 9. 9% decrease in intmRrmatyergdbpndeée gl tse d
decrease, analy ac aguaspe dofa on3e. 1dw decr ease. Thi s
|l argely due to the formation of cavities cau
t he |Faygel2r8as b, and ¢ illustrate these phenon

fi l ament s, cavities -bekwesenparbhament §j1 bed b

0 @



Not ablhyealsienlgf was observed i n soinrei thiesgklaleye wher
the filaments. -l Qker steipme.,att mense wirlet fil | ed

which natural l[y2Ol]paired the gaps

Fi g2r8& Scanning electron microscopy (SEM) i
filament s, (b) devel opment olfi kcemavs @ aersa thied nve
calcite amnadokjttringite

2. B3hrinkage and Cracking

Shrinkage in cementitious structures refers
during the pde9RISepvepratesdsactors influence t
including materi al curing, mi xture proport.i
during[ 2d2®@® 7Y hgact ors such as these play a sig
behawifowermentiti ous materials, with environn
affecting the drryelnagt epdr ofcaecetsoirase dl tinkaea ssaenldf hy «
contributing tf®0f8drther shrinkage

2. hle.mi cal shrinkage

Shrinkage in cementitious structures occurs
paste as a result of the chemical binding of
cementitious materi al i[ 2 0@é4Dpuarsiintge dt,h iist hbaer gdier
various chemical transformations occur withi
bound water increases compared to the free



in a reduction in the volume of the cement p

and cement. As the materi al hardens, shrinka
This shrinkage | eads to the devel obpmémhtt of eec
pore volume within the cement paste. These p
as the ongoing hydration process consumes wa
the cempB08paste

2. 5RI2astic shrinkage

This type of shrinkage develops on the surf
occurs as a result of absorption in the ceme
surface of cementitious str uectiumiensa.t eIl absyt iicr
cementciutriicmgs such as wetting the cementitious

preventing lelvdalpor ati on

2. BAu3.ogenous shrinkage

Autogenous shrinkage, al so known as hydratic
desiccation within the pores of <cement ston
during cement hydration. Autogealoushrsihmk angken,g
it can be challenging to distinguish betweel
the formation of additional-deperescsataisomyadcattr

these pores, autogenadBsisehiinklngge Wakesenplbayc

water within the pores, can result in signif
structure. Autogenous shrinkage is most prev
materi al is deposited

2. Drdy.ing shrinkage

Drying shrinkage is the opposite of autogen:t
the volume of concrete due to the | oss of wa

occurs from the surface of trde tdqh@n ad rnd tee nani d

nm



initial phase involves a phenomenon called b

the concrete. Once the bleed water has di spe
mass i s consumed, | eading toisgrshkiagkag&eve
the volume of past e, thickness of t he el eme
humi d20T®Hese factors collectively deter mine

2. 5T.h&e.r mal shrinkage

This type of s hsrtirnakiangse doecvceurosp whnenconcr ete di
temperature changes caused by the hydration
chemical reaction known as hydration takes i
exphaRrO@8The extent of temperature change in t
including the concrete composition and the e

the concrete's characteristics b eafgogrree s s ¢ & e

environments. I n such conditions, par amet e
devel opment , and i mproved resistance shoul d
| omg@rm durability and perfor mance.

2. Cagd.bonation shrinkage

This type of shrinkage occurs in hardened ¢
bet ween carbon dioxide (CO ) from the envir
di oxide reacts with water, it formselroanideni
(Ca( OH) ) present in the cement stone. Thi s
l eading to the degradation of[208Fhicomporers

known as carbonation shrinkage and can contr



2. BAdvant agesi onfi 3d

2.5, ImadMueértial design

The abol maynwuf ambatueei anul and mul tifunctional

advantage i n -gchel a elaD nmproifntliamg.e Some 3D print

print heads, all owing them to print differe
[ 106]This capability facilitates the creatio
properties, optimized for specific functione
technology is demonstrated by the tHFroanctho c
construshapedrpisisl ar. This pillar was -buil't

higlerformance concrete -ptUHRCedfoonthet eofer

UHPC offers exceptional sstovongr adl terabil v
reinforcement, while the 3D concrete enhance
topo[ 409, L15Fi gB0r%ks hbwls the XtreeE -@all ar
Provence, France, showcamaitneg itahe 3iDn nporvianttiivneg

Fighr® (a) XtreekE-epprlovaernvbeui IRr annceAiaxnd ( b)
[ 209]

For the Xtr eddB&Phprifldramanclel tCaancrete (UHPC) f

reinforcement. UHPC is composed of pol ymer



providing enhanced tensile strepgtimtaeadd codnra
reinforcement, several approaches have emerg

being the most prominent.

T This method involves attaching an extrusi
(as shown 2ipn M®Miugumeg 2.he printing proces:
materi al, the extrusion gun simultaneousl
technique is to enhance tensile strength
of this appboadhresntbecement printing sy
University in Singapore, whi ch combines
coinfuous steel coablieasetdogebpoiry,che231lD0s,t r 21k ]
However, this method has | imitations, as
vertical and horizont al reinforcement I n

which remains unsatisfactory at present (

Nozzle adapter =9

Nozzle outlet

Fi g2k $ahematic of the nd&zahleeanawiitch otf heé hea il
the cable extrslydeemdpy §vbigenw of [c2alb2lle extr u

Mesh Mould MéibBodechnique involves creating
serves as the structural framewor k. The mesl
pol ymer s, depending on the requirements of
compmgtdoncrete is poured or placed around i
all ows for intricate reinforcement patterns

printed[ k0&]he Rlirlel Rs.t rates the complex rein
showcasing how the mesh is integrated withi

stability.



Fi g22l Mesh moul d rei[nZflorlJcement apprc

2. 68tTructur al Complexibility

A few years ago, the manufacture of compl ex
meaning the cost of producing complex moul ds
in technology in various indust rsitersuchtausr ensa d €
they are being widely used. Some printing pa
Om to cm. They have the amphysditys ttoopydlveeg yn eon
and mechani cal-baggedetrdmietsa gysaretsiso obj ects s
metmat efild66dThese patterns of printing ref |l e
structures, such as biomimicry, natur al strt

t hat provides uniqgue properties to the objec

Il n recentbut il des,g tame construction industry

compl ex geomzxhywsFageowm@as®ruction of beams

anatomy of a bone. The str ususupen dweads pcloantsftor
deposits cementitious materials and fibre. T
while thehelhlhedi splays a spongy and holl ow

concrete better than the traditioalal elmemdmtds

are more rersegilnfdodtjceachd self



Fighaz2 3D printed co
(1

S mimicking
Group (SCG) ]

nner bone

2.6Swstainability

A few years ago, -maapéadcodlujreatgs cwanp |l ext h pr o
| argely due to the high costs associated wi

technol ogi cal advancements acr otsos cvraera toeu sc o nmm
3D structures, which are now widely wused. Th
ranging in size from a few micrometres to ¢

throug-phynaiil¢ds topol ogy opdi meshanboalandr emé
St rbeasssed topol ogy optimisati on, enabl +ng th
mat efil@b3$These sophisti caitnesdpipreidntbiyn gb ipoaltotgeir:
natur al |l attices, and biomimicry, all owi ng
optimised properties. Il n recent years, the <c
techniques to meetd flboe gompieg deomeRBi es.

depicts the construction of beams and col umn
a cahbhlspended platform to deposit cementitio
t hese setlreuncetnutrsali s dense, whil e the inner co
This construction method highlights the adva

it all ows for mcriefroesiilnigersit3riurcd ugeallf el ement
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Limitations of 3-Dapeidnmbhgrofl semant
e of the primary | imit-aasedsmahethal 8Di pr i
ntrolling the time interval|l 2bX]Theentswucd:
rformance of printed elements is highly de
on, the | ower | ayer may not have develope
yer , resul ting in defear matnidon idr tchoel |ianptseer.
nd bet ween | ayers weakens due to drying
mpromi ses the mechani2zh3] integrity of the
e geometry and orientation of the extrusio
stancef ackcdwmmgwarrodu n d -cnoonzpzrl eesss cuannd earvieyri ng | a\
mensi onal i naccuracies ahn@lancdads§isstnankte sm
timisation of nozzle design <critical for
ality.

chitectur al and structur al design | imitati
rvatures can disrupt flow and create stre:
ructural deformation. Thera&dious,i snae 14 an tnii
nsistent materi al pl @a2amnts upmpdrdeadmetvreir &
ot her major | imitation due to the | ow tens
xiliary sseppbrhg otravpgdes, these el ement
ring f[albr.i2cla7t]i on
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e physical size of 3D printers aisgsal empo
nstruction using current syst-asmse mbdy rod
mponents, which introduce[s218]gi stical and

ese | imitations highlight the i mportance o

process automation, materi al devel opment ,

tenti al of 3D concrete pcanhtong.in practic

Bpplicadh atosrof3Dr pri nthiarspalbér cament

e dynamics of manufacturing activities, C (
ve |l ed to increasing complexchgnginngprousticd
mammd g.0bot i's an automatic machine that S
19]l n some cases, adedAsateregpétyi siobti €
uci al role in addressing these challenges

oductivi tfyYy,20andhdedsfeettyechnol ogi es offer m &
vant age i n Rtohbeoitri ci nsdou suttriioenss. are avail abl
pending on the degree of automation requir
r -vhoilguhme , dedi cated, amrdogregpmmed ipet Htsas&rsd
nt rrod 4 c2th 6 , 228, cPBAB-pasbnomeurse gyisdegusee of
man invol vement and offer greater fl exibi
rry out operations with a high I evel of

ni mising the need for rewor k. aRwbhatei ao asigl

nufacturing tasks, including handling, ass
24,. 2Nibdy ar e particularly val utadd each n (
vironments, where they het pamaxdeemedoganeg

man ex[p226 at22dhn]

e speed and dexterity of robots are essent

areas with | abour shortages, where robot
cel in repetitive tasks228dkie tliiofmtail hgy ,andepy
exi bl e, customi sable manufacturing system

290pti mising robotic design and process pa

event inefficiency, wi t h model |l i ng and S

ny



operational 280flem@Brigyeere scsonfi guration of r ob.

and counterproductive resul ts. Therefore, m (
are essenti al for optimising the robv®obre sy
typically despoginnetd itno a epalcahneanoyr space, and f
mani pul ator, additional axes such as yaw, pi

and f uncSteivoemraalli tsyt.udi es have focused on the
systems for industei §&I3e2¢pgpnii cead rmameaud aBirligomnn
for machining processes witeh [B2BtBgdstusedl onob
design and optimisation et B 8iAAr] tna girga treadb od is
manufacturing and simul atioano pteoroatsi nfgorr oadsoste
Tsar eu h[i®d3d>]vel oped a roboti sed -aasnms ernobbloyt .p rMacl
et [2136n]d MiethlpP8#t]ludi ed the design and chal |l ¢

in reconfigurable assembly.

During the process of I mpl ementati on, t he r
softwar e. I n previous year s, robot programm
where there is the availability of aeyer al
tutofToddyw.he i mportance of robots cannot be ¢

application p2leoepPpperiativerpbpbsks can bse rdviivcied
and industrial robot s. Some examples of i nd
printing, pick and pl ace 2r.o8blootwss, tthoe nde nftfieorne

i ndustri al robots.

n ¢



Fig224 I ndustri al robots: (A) welding robot :
robots and (D)IBR gOLlAMY)iIing robots
2. Hilstorical development of robots
The historical development of robotics has p
and manufacturing. Understanding the evol uti
these technologies have advanceli dtrioam tseidmptl
capabl e of complex tasks in various industr.i
2. 282. 8Bowcase key milestones and technol ogi
yeaarmsOdab2.e4d | ustrates the timeline of signifi

t he gr

owt h of robotics,

adaptability in industr.i

highlighting their

al applications.



C 1959 . ) 1961 .

George Devol and Joseph Engelberger Installation of first industrial robot at General Motor (GM)

Created the first robot that weighed two tons and was controlled Thedrqbo:hwas use? atthe G?‘ Te’J‘S‘ef“ plgrt in I"rrﬁntf?n, NJ. lt(\ivas
by means of magnetic drum. The accuracy of the robot ranged toecan e man BCie. O WOW INahdies, SrL ines, pectd
from 1/10,000 of an inch and used hydraulic actuator handles, gear shift knobs and other hardware for automotive

Unimation for $18,000.

1969 . 1969 .

interior. The robot production cost $65,000 and was sold by

1968 .

1962 .

The first cylindrical robot, the versatan from AMF

American Machine and Foundry (AMF) installed 6 Versatran
robots at Ford factory in Canton, USA. The name came about
from “Versatile transfer”.

( 1967 .

Stratford Research Institute assembly plant

dangerous.

1969 . ) 19&.

Robot vision for mobile robot guidance is demonstrated at GM installed the first spot-welding robots at its lordstown

Demonstration for robot vision for mobile robot was The Unimation robots aided productivily by increasing the
condustad percentage of body welding operations to 90% compared to

traditional plant with 20%-40% where welding was dirty and

1969

The octopus-like Tentacle Am was  The first industrial robot in Europe
developed by Marvin Minsky.

Unimate was the first industrial robot to
be installed in Europe, at the

Metallverken, Uppsland Vasby, Sweden.

1971 .

The first commercial paint robot offered at Trallfa,

Unimate robot entry into the Japanese market
Norway

During Norwegian labour shortage, the robot was
created to spray paint wheelbarrows in-house in 1967.

:]mﬁ”

The world's first vision-based fully-
automatic intelligent robot that
assembles objects from plan drawing
was developed in Hitachi (Japan)

Fi g2 Evol ution of

The world's first vision-based fully-
automatic intelligent robot that
assembles objects from plan drawing
was developed in Hitachi (Japan)

p ™M



Tab24&i mel i nes of robot evolution

Year Description

1971 Establi shment of Japanese Robot

1972 Robot production |Iines installed

1973 First electromechanically driven
Production of Vacarm/ Stanford ar
An automatic bolting robot for ¢
devel oped in Hitachi, Japan.

1974 The first -ommtircolmMpeaud eirndustri al
Japan introduces the first arc w
ASEA introduced the f i rcson tfrudlllye
robot, | RB 6.
The first precisi onT-HAND rB&x poenr tcoo
devel oped on Hitachi, Japan.

1975 The first asskeombl ysagpilnmncati on we
cart-ecomdi nate robot.
A robot with a payload of wup to
The f i rbsas esde nasrocr wel di ng robot w
AROSO.

1976 Robots in space

1977 An assembly cell was developed i
cleaners with the use of 2 robot

1978 Uni mation/ Vicarm developed a Pro
Assembly (PUMA) in the USA with
SCARRRobot was developed in Hiros
Japan. SCARA means selective con

1979 Rei s, Obernburg, Ger paxnys irnotbrootd u
contr ol system RE 15.
The f i rdsrti vheont ambéwd Iso pwed ei n Nachi

1980 |l ntroduction of Machine vision

1981 I nstall ation of machine vision s
First industrial gantry robot wa

1982 Robot programming | anguage ( AML)

1983 |l ntroduction of flexible Aut omat

19814 The first direct drive SCARA rob
USA.
The fastest assembly robot (1 RB

1992 The ®BAN contr oli notfr ordoubcoetds bwa sWi t
Launching of open control systen
First sales of Delta robot packa
Switzerl and.

19914 l ntroduction of first robot cont
provided the synchronized controao

1996 FirshasPeCd robot control system w
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2006 .

2006 .

C 2006 . )
The first Wireless Teach Pendant (WITP) was infroduced in
Comau, Italy. The machine aided communication and

programming activities without restrictions caused by cables
connected to the control units. e g

Presentation of first Light Weight Robot by KUKA, Germany. The
robot was made from aluminium, weighs 16kg and had a payload
of 7kg. The robot is ideal for assembly and handling task due to
the sensitivity of its sensors.

2007 .

Human sized single armed (7 axis) and dual armed robot
(13 axis) robot was launched by Motoman, Japan. The
robot had all supply cables hidden in the robot arm and
offered human-like flexibility in their movements. This

made it ideal for beverage serving, machine tending and

assembly.

six-axis robot available today.

A new heavy-duty robot (M-2000iA) with a payload of
almost 1,200kg was launched in Japan by FANUC. The
robot is the worlds strongest and largest 6-axis robot, has
the strongest wrist and reach which surpasses every other

Reis Robotics became the market leader for
photovoltaic module production lines with the

first system realised in 2006.

2007. (

1,000kg.

2009. )
Control system that could sync about 8 robots was
introduced by Yaskawa Motoman, Japan. The robot

provided the fully synchronized control of eight
robots that had a combination of 72 axis.

200&.

The first long range robot was launched by
KUKA in Germany. They also launched a
heavy-duty robot with a payload of about

2007 .

A super speed arc welding robot was
launched by Motoman in Japan. The
robot reduced welding time cycle by

15%, which made it the fastest

welding robots in existence in 2007

"8
A

2010 .

The smallest multipurpose industrial robot was launched A new series of self-mounted robots
(IRB120) by Abb, Sweden. The robot weighed about (Quantec) was launched by KUKA
25ka and could withstand a payload of 3ka.

(Germany) including a new controller KR
C4. The controller was the first to merge
the complete safety controller in a single
control system.

CA JwaNgS 9 @2 { NP2l 32 T

2011 .

First humanoid robot in space,
robot R2. The robot will further be
optimised to include a leg for
climbing through the space
stations corridors.

pn



2. Robotic 3D printing systems

3D printidasefd ewsnemd a rebat hcgatwm promisin

driving digital evolution in the constructio
in recdmnt0,yesdr2 4RODot 288 arms offer additior
contr ol over the print nozzl e, enabling gree¢

the application of techniqgues sudh,as.4t, he 4T
These robots carurndngerfmsomoc wotmameirci adb gt ic
ar ms. A notabl e -mxdanpaemoifs aAmgiusst ©@aonr 6s cyl i
which provides enhanced mobilitywednd atsr anesdpuo
assembly ti me conip2adr2efldh & oi nctarbd deu atoiboont sof t hi
l i mi tations poseyl ibkye ecaarbWhee treotbecatbsh.el ag@bot s
systems are | imited to three degrees of free
greater wversatility, all owing a single robo
deposition, compoonsppnoce@®msddithgy s@edng restr
vertical extrusion, |l eading to 2.5D typologi
slicing software to convert 3D desigrsaliento
3D printing.4tlechniques

Robotic arms equipped with sensors to contrc
accuracy. Each |l ayer is filled using patter
structures, with modifiabl e fisl[IlilbgWhddnes itthiid
approach has provealMai f ectmeveael snosmpbl ymer s,
i n tsacragde projects, particul arl ydrwivtem dalejsda
considerations or involve compléedx] Thlragangesnt
Continuity Method helps to overcome these ||
bet ween printed Fagar 2V ewhist)hj Irleuds tweaatke dz o nne s

printed | ayers.

PP



Fi g227% The Tangenti al Cohi%huity Metho

TCM i s partsiud ulear-$fgoarlwed 1a3rDg epr i nt i nragx idsu er otboo tii:
arms, which enabl e tdhenegnesn eornaatli doru i dfd itnrgu lpya ttfh
3D printutnighopglle@GMar | ayers with |l ocally varyi
a more dynamic domMgflplr@cma royn goaalciessfst @ hma i mte d

consi stent contact surfaces between | ayers
el iminating geometrical gaps that could othe
are a frequenheldassseude pirno cyeasds ckdse paonsd tfi ioIn5 Jmo d e
From a structur al mechanics perspective, TCM
mechanically robust constructions. TFahxei si ncr
robotic arms have been pivotal i anl tfhaec tdoervse | he

contributed to the growsocgl esé@8Doprrobobhgec a

domi nant t ool in both research and industr
flexibility and versatilitsytrafalt hreoibrot so fstuwah
ABB, and Mitsubishi, commonly wused in 3D pr
|l anguage$rapeddugesoftware, which simplify rc¢
[ 6. However, a significant | imitation of the
projects that exceed the arm's range, the ro

and time to th24pPDespinhg phosessmitation, th



a power f ul and adaptable @#spgppil eacdDOtiplreamhaad g
pri nstyistgems incl ude;

2. Galntry

The gantry system is a widely used technolog

printer"™. This system utilises a gantry with
y, and z axes i f2@8Nodaibdre cxtmpiétacspdt gastir
D-Shape and CC, each wutilising different prin

met hod similar to fused -8Seppsi utohi mesebli nd
deposit mInta@rei, alisn. pDar ti cublaasred 13D aprliaartge g
constructing architectur al struct Rrde39T hweisteh ¢
systems have advanced -$tbael ecapabuti tiyest owiptrt
efficiemcy.BoRwisgwmr ggantry system in action usi

Fi g228 Gant r[y24sdy]jst em



2.9 ML #iui |l der s

Mi #biui | ders offer a distinct appMoaclhnsorabC
environments where transportation|[®&4dA hluenyan

feature of this technique is the ability of
However, the system's success hinges on the
within a swar m, a processromade peedibalck ay
al gorithmmakidnégedi gihen system comprises three
foundation robot, the grip robot, and the v
sensor s, moves along tracks to build the <con
t he stgiurcg ufreuru roll ers and prints successi Vv
i's reached. Finally, the vacuum robot uses
vertical surfaces of the structiUogewhet e il

robots create -rambatutoaoradterdyctmudmn isystem t hat

structurze®.9s Rogosurighidreir s robots during the pr

=SS

Fi g22% Mi ni bui l[dedr] grip robots

Py



2.9Ca4bRPe suspended platfor ms

Cabdwespended pl2B0)f orarhs o( Fieddenriegveedn troo-dwaost \sceanbt! eer
robots, or simply cable robot s, alhav 8&8Dga@irned i
mani pul aft6.D]nT htiass kssy st em i nvol ves a printer he
an external frame. Mot ors contr ol the &exte

aut omated movemen[t6.10]fT hteh enap mi rmtdevrant @@k s of |

a |l arger workspace, increased flexibility, i
technology in practice is the World Advanced
has expiosddi t owe construction. WASP has suc
using both natur al and cewenl et isppax]hidr esi ¢

approach offers a promising solution for sus

Fi gR230eWASBR g Peloj act . Full size 12m|[b6udi]l di ng

p o



2. P0G.inting parameter using material e

The printing parameters need tpaime edlttheensded

parameters include:

2.18D1printing orientation

The build orientation is one of the most inf
of -@BrDi nted parts. It i mpacts a range of pri:
ti me, cost , accuracy, me c hrach i mat e r§it2adSr@fs ag e
t hese, the effect on mechanical properties
performance and functionality of the print

appeafrasle

2. 10hRcknesist elfaydempo s

This parameter refers to the height of weach

|l ayers during the 3D printing process. Laye
accuracy and surface qualityadoft ot hree dpmrcierdt efc
accuracy and increased surface roughness, wh

printing time drmd 6rTehdeu coep te fnfailc ileanyceyr t hi cknes

properties, nozzle diametef24&hd the require

2. 181 B. gap

Al so known -tapsa sttheer raaisrt egrap, this is the dis
during the printing process. The air gap cal
printed Rardtlas Bihgogwmein fh&7ptudy by Gebisa,



Fi g231 The effect of air g@dpR4dHh the sur:

2. 1Radter angl e/ width

Al so referred to as infildl orient-axXxiioongf tthhke:
printing platform and the n@zZ5DBITeh ep aatnhg | deu rcian
bet ween OA and 90A, and it significantly inm

accuracy of [th4e6ljprhingledr partksower raster ang
di stributed across the part, thus affecting
hand, refers to the width of the [nadt7e]fhias b
width plays a cruci al role in the precision
finish and struct Brhaolsvaevetr adgr iktey. pRir@aured er s

extrusion during 3D printing.



1\

+ ¥ Contour number
Raster width

N

Raster angle

- Contour width

Fi g2a32 Overall material p47Vvusion prin

2. 10Nobsdksi gn

The nozzle shape significantly infl Beébnces t
printed Lsator upcttdo8ole.sl uded that using a rectang

compactness and compressive strength in the
significant i mprovement in both compactness
of cotnisntgr uscaf e accommodation structures. The

raising the safety factor of this tewohhdl ogy
construct2i. 8B3BshbBwgumedel s of different nozzl e

Fi g3 Model s for no2z4z8l/le outl et shapes




2. 1Bl 6w r at e

Fl ow raprintni 3P of cemerfterizsa g ed derme svtoil aubnsee roi

extruded pasliAmi topttiimal fl ow rate is cruci al
extruded fil ament may | ose its shape or def c
| ow can interrupt the continuous deposotson
such as pump pressure, nozzle dimensions, an

the optinald4dd,l oo™ F,at2e50]

2. ELfect of nozzle parameters on fresh
cemebmtsed materi al s

Theesi gn ofpltanyes vaoizézd ei n t he suctesdéomesftd3 D |

mat eriad sit directly i mpacts the quality, pr
The shape, si ze, and configuration of the nc
the overall structur al[ 70nt ex*rlidtpye ro fn otzlzd ep rdier
consi stent extrusion, enhances buildability

accuracy of the prpmitetdi rc@bapdoende estdamatlicsu riefs f

-

ewbrl d construction projects, optimising n
highlhalitscallearsggdraicg uegsat!l uded that the rel
nozzle di mensions and print -gouaalainteyt er> pirsi nctri
found that maintaining nozzle |Iift height eq
consi st enccfyr eaen ds udreffaec e s . Further mor e, t hey o
speed increases the printable | ayer t hickne
extrusion velocity, Adeddari dlnesd sl [yd@ D tzZpheathrgt heatty as
extrusion resistaeangtihs oibmfdiheeomeeahlgy et mend s
| owering extrusion velocity or the yield str

fixed nozzle designs.

Mani kand§nmr5®Rifjscalv.er ed t hat the surface roug
highlights the importance of selectiTneg t he
observed that cylindrical constructs exhibid't
squar e nozzl e compared t o a <circular one.

e

compression strength by increasi mgnetsheatdédrnrse
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pense of the external sur fAancoet hfeirnissthu,d yw hhiic
at achieving buildable | ayers and the des
signe[dl nkowdnéesloncl uded that a square nozzl
ni sh compared to an el liptical type. Il n a
th varying dk@memeansdbdeweemi aed that the

udy mmas 9

il ding on the i mportance of esnsetmd eaf@reimedn
w these design choices interact with mater

lExfrudability

t r udaasb isltiattiyesd teheer laibarl i ty of a material to |
form continuous and stable | ayers in 3D p
tention, and Exrtaoparablidyidgry snemparrte.s i ncl ude
ability, which are i mportant considerati or
52, 253, 254]

l1El @wability

i ntaining a balance between nozzle travel
l i abl e fl owabi|] 25 9]Adureixncge sek v euseixotnr usi on
mpression stressesl mecabriu ctihde nngo zozf| 2eb, 6 ¥ refai dli ar
e other hand, a higher nozzle travel Spee
using deformati on255d@GuwaxcvkdliBge]tsma Intoe &rdi nghat
trusion speedyidcsosd wewtéir vtithtleya ri | § mene n t l i qu
y result in filamenspbkedchéagétheBnoneghéemsr ¢
ile the extrusion rate remains constant,
bsequent filaments. Therefore, proper adju

te are necessary, egsme amigh rBagd]ididire sd iif f deir ceant

owability is influenced by the h2a2B5Pébs s
akor [ 26f0daind t hat nozzle shapes i mpact t h
ctangul ar nozzles experiencing higher i nt

cn



interceptions remains a chall enf 2 5Bohnactl urdeeqdu i
that the distance between the nozzle outl et
smal |l er di stacakpmghaissingn and fimamemi seef
intercepting shocks, adjustments to nozzle s
the nozzle exit andlT®he 26 Vjeamemheauwacereteded

slurry flowability, It i's especially <cruci é
traditional construction methods with for mwo
2. 1BuBl dability

Sevesnraldi es have shown that buildability is i
movement pat h, travel [ 3 @2ond,l uadredl Heéiaghtf.i | laer
through smaller nozzles experience | ower pr
[ 260]Si mi | ar | y 1 4fRathrud teltatalmater i al extruded
exhibited significantly |l ower yield stress t
all 2,mdjt ed that | ow nozzl e r ot aatnitdovm sspeegddg idau
during turns, especially with rectangul ar no

the inner uagnad5Nau treers eraacih has quantitatively
rate wvariations during turns, even though u
inconsi stent|[ 26adyldowdaverck néssor mati on caused
mitigated by increasing nozzle|[2baBhlakopeed
[ 1 A8Jund that surface cracks appear when noz
mm/ s, potentially increasing stres$eianhomoqg.
capacity. Additionall vy, i ncreasingt adshestnroegs
i nhomodge&rmdi.t 265]

2. 1Shape stability

Shape stability in 3D printing is irnf2lsldnced
found that Il ncreasing the nozzle height cau
di stance | eads to surface squeezing, potent
destabilising the prlinGoObjd ef vedmeéehts. fShalkemnt

cp



rectangul ar nozzle were slightly wider than
circul ar nozzl es, which is due to varying I
nozzle's deposition | ocatiiomialgs eerafofrectcsanshx
extrusion and f[ill7e8mhent def or mati on

Ot her factors, such as nozzle size, travel s
Larger nozzles can cause coll apse due to i ns
can | ead to M@t BHNrcold@smagt eadht hat il ament
strongly |inked to compressive stresses, w h
stress within the filament and causing buckl
filaments [29] .d Fecdramemtr cswredilnaggofatnen occur
and increasing nozzle speed and r edyc2ibnigg mat
Zhi xi p2&#ralh.er explained that deceleration,
exit, but there are stil]l no studies on fil a
2.10Lnbderl ayer bonding

Various studies have demonstrated thatto nozzl
surface distance,[ 1ladn6d, n201z4t le e2€lt & laObpathGd]s pbatd no
size and shape significantly influence void
bet ween | ayers and interface pressure distr
compared to circul[a24 &htesr eluarn egmiexded usomal u
relationshi pttheitiwkedi ssitozrrde and interl ayer
[ 88pbserved that the highest bond strength o
printed | ayer height, while increased dista
uneven pressieeéc]Hiowtwniel yt2iY¥ddo uentd alh.at nozzl e
variations of O, 5, and 10 mm had mini mal e f
nozzle travel speeds increase printing ti me,
evaporates. Thiprdnyedgfchameatseothbsorb mo
| ayleX¥F2whil e gas escaping from the fil ament'
[ 8.8]



2. 1NobBbe speed

The traoklt s@pedmayzszimpootanitn determining key
stren@xonif il ame®hd, wg@hbi [ @3 23jamengthle maxi mum |
printeldd9]dynemrsesasing nozzl éi spenmedtcawndtdadrte

breakage while decreasing travel speed can r
def or mRBandas[8t8 halesti gated the i mpact of vV a
properties of fresh concrete used in 3D pri
supported a consistent | ayer bead width thro

t hat tnhge sbtornednigt h of the printed | ayers sl igl
Similarly,[] IKlGelgelropédad . desi gn model for 3D

the opti mal printing speed to preWemg ettralc.t
[ 7éekptdtomhe effect of wvarious nozzle travel S |
mm/ s, and 116 mm/s) on bond strength and r e
rotational speed of 1200 r/ m to achieve opt
tinmeisgher than the bond 9.tYi eveg f{ & Bedxialniidn e5d ninty e
relationship between nozzle speed and inter]l

—+

he nozzle speed from 14.5 mm/s to 116 mm/ s

adhesi onShsakroerph yetel@ad mmended a nozzle speed b
46.56 mm/s for mortar mixes but noted that t
t he type ansduperoploasrticdcai rseferrss, and accel erato
research on the interaction bet weehi ec hetmi xla.
[ 26e3xlami ned the i mpact of nozzle travel Spee
using four square nozzles of differaewmthaorges
found that no&Q®I|lmm/syp,eeadesmoifnesd with appropri
best quality prints, and this optimal speed
Changbi[mBetunal .t hat increasing the nozzle tr;
reduced the number of maxi mum deposited | ay:
l' i kely related to variations in layer cycl

i nvetsitdmai s needed Tay gpukka@lutiyedhit beebf ett
speeds on extrwudability, concluding that spe

fil ament width and surface quality. Bel ow 8



whil e speeds above 120 mm/ s can |l ead to fil a
for defining optinmlnzhabpi leiMddtareav etlh ag p eiendcso. n ¢
bet ween nozzle and pumping hose geometry cou
of this inconsistency bhupke?lngualtietdy ar enroan
simulation and found that reducing the nozzl
filaments, par tdiiculleGIp tecdr fogrt mozgzl es (10
and 24 mm) with different volumetric flow ra
the best filament quality. They also discove
growth ratezlod wipzd nallowmsozas volumetric fl ow
the volumetric flow rate decreases, the opti
requiring a smaller flow rate than the 10 mn

2. S2mmar y

The chapter provided a comprehensive review
a particulceméofaseuws man eri als and the integr

highlighted the benefits of 3D printing, su

cost s, and faster construction tiimedcl meisng v
shrinkage, cracking, and weak 1interlaaxyiesr bo
robotiwasarsmhsown to significantly i mprove aut
printing process, enabling the r enal ipsraitntoinn

systems, such as gantry-suestpiemd,e ds wd ram f roa bnest, |
for their apiylciad &biplriotjyecitrs .| &rhge chapter al s
optimising mix designs fT&@eathiowabi desyyyakke
buildability and discussed the critnclatdirmdg e
|l ayer orientation, hien gihn f, | uwehn ccikmge stshe aquals
perf ormance o0$TIpesientoefd asciomeol cetrdartfecorrs t hei r abi
buil dabil tatge @&and eegt hy Overall, the chapter
rel atiben sweiem material s, robotics, and proce

sustainable 3D concrete printing.

cy



CHAPTER 3: MATERI ALS Al
METHODOLOGY

Part A: Mat eri al s
Part B: 3D-UPprinting Set
Part C: 3d Printing Processi
Part D: Performance Evaluat.

Part E: FiAnaky &l ement

c @



Chaptkat 8ri als and Met hod:

Parnrt Materi al s

3.l ntroducti on

This chapter outlines the materusaéd,t Riga i ptme
to devel op &md nd\wal acaetrde rs3tDr uct ur es. 't i s di
material s, printing setup, processing paran
analysis. The material sneatsiandi nobhemduoabksat
in the mix design, while the printing setup
robotic extrusion system. Detailed descripti

pump design, arte rperpoeva tdeebdi Itiot ys.u pTphoer chapter
to assess workability, buildability, mechani
these methodol ogies establish a comprehensi

mi X oempion and printing parpameitteerds samr utcheurp

3. Material s

3. 1Ralw materi al

This study dltiinhe ssteodn eP omatsltaenrdc rLe)t ep rcoednuecretd (bGyl

Tarmac company. It Wwameahoeerhaepmedt Powhi ahdc
EN HN9T7CEM-LI IshAndar d. The propertieweri ngatuared
demand, enhanced resistance to thaw attack

segregation and -Hl ekdt nwasFpyodesbed58kcor di |
standard was wused as an additi vteh et-pB Denntheadn c ¢
structures. The fly ash conformed tlo: 2(®5 nor
and met the requirements 6. LASShooghgnt he
permitted residue on a 45 odwote twapsi ADIU,y tfe
the | i mit. The powder had a bulk density ra
used was Gr oundf uGrnaancwel aSleadg Bl@&@&GRS) , aecordir

TN



1: 2006 .

mater i al

aggregate.

This product wasgaal enyjrbowelanabbmn

phatduwas faolmy t hB8upt ddwmgt isamdofwaisr ot

rati o of 0.45 was wused to
3. 1ChZ.mi cal accelerator

The chemical accelerator
A b( S Al umi nium sul phate

promoting

ensur
was a
acted

f adtlelr7 ,.s eli2t2i] nsgp etciinfeisc

Thraed pa rmaixdalmu msipzaa ti cl e si ze of

e workabilii

| umi ni um su
as an acec

product wus

oc-diacahydrate, which was available in a hi

3. MiX.ture design and preparation met hods

1
ty

Il p
el
ed

gh

Tabld.plresents the mixture design dsed dt o ad d
was 1.5: 2. Addi tives, such as fly ash and G
cement properties. The binder nsxht GGBScoanad:
cement, rkelpeaetprvedgr.ti ons are consistent wi
3D concrete pir3i0d ifnlgy, avwshfed % en dRIOE&ER S mMmonl y us
enhance workability and durability without ¢
ensures adequate reactf[ &4y for structural p

Tab3le Mi xture design.
Materi al Quantity Techni cal properti et
(kdgy m
Fine buildinc4o0 O 1.0 mm
Chlorides O 0.01%

Acid soluble sul phat
Sul phur O 1%

shrinkage < |

Tot al
Drying

Mastercrete c¢cl15

Conformindo9o CEBBI-LEN;,

FIy

ash

6 Confor

Fi ness

ming Lo BS EN
category N
L Ol Category B




Loss of ignition <
Densi 1Y O0®D & g/

Silica 50% Al umina
Ground Granul 9 Conforming t-6: BSB8OEN
furnace Sl ag
Wat er . 45%boimde Hydrating substance.
wei ght .
3. Materi al preparation and printing ptr

3. 2Acktel erator

The required amount of aluminium sul phate wa

scale. Deionised water (DI water) was then a
aluminium sul phate. Deionised iwatwat eraltslatkn
its i ons removed. |l ons are electrically char
these charged particles, iIindl26FiTrhg smipmrerceelsss
in water that is highly pure and free from i
Deionisation typically involves passing wat
me mbr anes. These materials selectively remo
(anions) from the water, replacingns he@Hw) t |
which combine t[a& 6f7drim pcuornet rwaastte,r t ap water ¢
various sources, i ncluding the natur al envir
include Sodium (Na), Calcipum6er7Ca), Il ron (Fe)
lts crucial to add the aluminium sulphate (A
to avoid triggering an exothermic reaction.
releases energy in the form erm |heads muer gy
surroundi ngs, typically |l eading to an incre:
choice of container is a critical consider a
undesirabl e chemi cailum esaudtpihoayg ewiotr m etchh e palr s mir



equi pment, the aluminium sulphate was thorou

foll owed by a settling period to ensure comp
Ot her accelerators were also considered, suc
carbonat e, and calcium chloride, but each h
corrosion risks to compatibility ei spwred,fict
requirements. Al uminium sul phate was theref
moder ate cost, and manageabl e downsi des, ma k

3. Dry./ raw materi al

The study ultadead enatcermeanBS, ENG PRBBas hgr caatde (
(BS EN CEMLA, fly ash, GGBS 8alnyd adiMmBB0O0EN s
450D 2005) and GAEBX0O0BS EBNblstlaa7uted -part of
mass basi s. Sand parti cBS s NidedrSei3 nsgi eav ende taaclcloir

Thi s was carried out due to t he restrictio

considering the capacity of the cement pump
the sand i n-128C ofvoern 4a8 hloOWOr s t o remove moi S
determine the wat err/ikmilmde(rs arnat,i oc.e m2zmy , mdtl y
wei ghed and mixed, using a cement mixer. The
on a stable surface. The mixing sequence inc
by 5 minutesng@f Mamihmutee sni xfi manual mi xing at
mi Xi ng. An optimum water/ cement rati o of

extrudability. Wat egowastaddae =miaeky ol ba
machi ne nfi xminrgutaensd of manual mi xi ng and a fi
totalling 10 minutes. The prepared materi al

printing.



PaBt 3D priwumpting set

3. Bevepment and opwpmisation of set

To ensure the safe operation of the rwalsot sy
essential to safeguard wusers from potenti al
robot. The conceptual framework for the desi
from the specifications out lcihnedwhiinc hT aibsl e5 022.
utilised as the primary reference di mensi on
that the enclosurle adelgatat el mowemd ati newhitl e

boundary for wuser interaction.

3. St dted f IS¢ age 1)

A rectangular steel table measuring 141 cm L
to support the weight of the robot. The tabl
of 15 kg, making it suitabkensborubeathegrobe
encl osuBéd. skhkogsrehe red tabl e.

Fi gBr eTable used to support the s



3. MaZz.ph g wodtdage 2)

Two
t o
mo d
ope
of
col
ens
edg
ply
der
t he
of
i nc
bec
ply
des
ply
of

Add
ply
hig
wa s

eco
Fig

enc

pieces of marindi mkeypywoods e@mAdOwdrn e tyad f1fdil
the metal table using bolts and Nyloc nu
ification was intended to increase the toc
ration. Given thantt rtahlel yw odono tt hwea st apbolse ta nodn

502 mm, an additional 200 mm of t ol erance
|l i sions or accidents. The robot waase bol t e
ure maxi mum support and structur al i nteg

es of the marine plywood to further enha

wood-qual ht whwooden material ,rwasuseael est ed
i ved -Fammnhatioess and its ability to resist
application of waterproof adhesive. As t
wood veneer, commoméry metfterra@aldstoomasi ¢pgei e

l uded standar d, hpolwewoeord, amadr ionaek pwoyowo od wa
ause it of fered enhanced structur al Stre
wood Ildaocked |titeg needperdesisurmoicotndor,i bngh
pite ,ptevedtrdfafgegschticiowde and practical for tt
woodl'amicmatsesd construction and waterproof

performance and reliability for the appli

itionally, a |l ayer of Polyvinyl Chl oride

wood to prevent cement from adhering to i

h tensile and mechanical mstceenfhéd,choidc si

also influenced by its | ower cost compa
nomi cal option for this specific purpose.
B2ehotwbe marine plywood wutilised in the
|l osur e.



Fi g8 eMarine plywood used to prsowsitdeemt he t

3.3P®il.ycarbonRbokeyshegt EhStcdgale (PVC)

A polycarbonate sheet with a thickness of 6
encl osure. Holes with a diameter ofhebn 2 inmnmlw
fastened to the aluminium aobyesxtpasisngn?5war
considered during the design. Hence, a 0.2
The primary purpose of the polycarbonate she
their transparent nature paFrliaoawedgtpeoopesat @
chosen for its durability, 1 mpact resistance
moi sture absorptidere®@ther mhtserappbki canson
however, they were not used because they di

durability.

3. Al4d.mi amnglmed st edl (Stage

Al umi nium angles, each measuring 1 metre in | eng
the corners of the polycaBbodattessheet sirads ad e mi
selected due to their favourable propeoxiesty,n
workability, corrosion resistance, and recycl abi
weretwsednceal gaps between the polycarpdanet e st



steel hi nges were utilised to secure the door of

and durability.

Fi g83 e Al umi nimnueni mihgl @e ttohe corners of the

3. Mik.ro stidgdes (

According to the robot specifications, two
switch function, were required to be install
ensure safe operation. Thesrei tswidadresamadnh a lot

movements when t[268 Udbokei snhopemeedency stop,
deactivated when the door [2688 |l opauméeéd mabut mo

servo powers down and the robot <ceas®is oper

il lustrates the micro switches used in this
was the Honeywell mi cro switch, chosen for i
superior performance. Thebatwh txihdkess wefr et e cdi
and nuts, ensuring reliable functionality.
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Fi g84 e Mi cro switches, activator, and

3. 3Emergency stop (Stage 6)

For the safe operation of the robot, an eme
function of this button was to forcibly stop

with the intent of preventi nigndiavimdwal sni mrn md
the machine. To reset the system after the
involved releasing the button, resetting the
reset button. Scr efwass tveenr et hues eedmetrog esneccyu rset | oyp
35shotwlse installed emergency stop button.

Fi g8 eSchneider Electric emergency s



3. El7*.ctrical wiring and trunking (Stage 7)

To ensure the robot operated under safe conditions, electrical wiring was required to install the
micro switchesand the emergency stop button. The wiring was conducted in accordance with
the standard specifications outlined in the
emergency stop button and the micro switches on either side of the door, aftertivehich
electrical connections were made. The wires were directly connected from the micro switches
to the controller, as was the case with theeggyancy stop button. For health and safety
considerations, Polyvinyl Chloride (PVC) electrical trunking was installed to shield the wires
from potential hazards, such as water exposure, which could otherwise pose risks of electric
shocks or fire. The trumikg also contributed to improving the aesthetic layout of the system,
reducing injury risks, and offering protection for the cables. Additionally, plastip® were

used to mechanically secure the cables beneath the table (enclosure). Followinglthiganst

the micro switches and the emergency stop button were thoroughly tested to confirm their
proper functioning and ensure they operated under ideal conditions

3.3Ga&8Bntry system (Stage 8)

According to the robotaldpenaibfliec altoiaodn sf,ort hteh e
necessitating the introduction of a gantry ¢
the weight of the concrete feed pipe by susp
l oad. Additrgnawbhbkydeshgngdnt o house other cr

return feed pipe, pressure gauge, pinch valyv

Vari ous materi al s wer e considered for const

selected due to its favourable propeitciey,
wor kability, corrosion resi st antcoe,c ranad er ehcoylc
the aluminium structure, which was then secu
and Nyl oc nut s. Nyl oc nuts were specifically

in pl ac3®d. shioguisr ¢ hra. gantry syste



Fi g8 e Gantry syswemghbd oevpdube tbbot

3.8D printing robot configuration

The Mitsubishi RV2FD robot was utilised for this project. It operated with a-T3®
controller and a teaching pendant 35 model, which allowed for manual control of the robot.
This robot is a vertical -axis, multiplejointed type, featuring an optimiseam length
designed to offer a wider range of movement, thereby supporting complex assemblies and
various process operations, as illustrated in Fi§ufel he robot has a maximum load capacity

of 3 kg (rated for 2 kg) and is equipped with slender armsaazwmpact body, enabling it to
reacha distancef 504 mmas shown in Figurg.8. It can operate in both automatic and manual
modeg268] and is versatile in terms of installation, as it can be-mallinted or placed on a

flat surface. The full standard specifications for the robot are detailed in F.ablhis robot

is suitable for a wide range of applications, from assembling electrical components and
transporting machine parts to performing pastdplace tasks. Its environmentally friendly
design makes it ideal for installation in various settif®8]. Mitsubishi has incorporated
intelligent technologies such as highly accurate force and vision sensors, which allow the robot
to control the intensity of the force it applies. This innovation has enabled robots to work in

adverse environments and perfomghly complex tasks that were previously beyond the

yn

ar



capabilities of automation. Other advanced technologies integrated into the system include 2D

vision sensors, tracking capabilities, and mfultiction grippers, amon|@68].

Fore arm

Wrist

J6 axis ~NE :'s + Upper arm
Roll e

Mechanical interface (Tool flange) ‘ )i

(Hand installation flange surface) & 4

i & ) \ J2 axis

"d - Waist

Shoulder

J1 axis

Fi g8% e Names of each26pBagrt of the rob

The design of the robot ensures resistance

[ 26187 earlier models, the tool flange was pl
stainless steel to further enhance corrosio
cleanliness and detergency, makyiinngg tohre prroobcoets

medi cinal] 2p8pduct s
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Fi gB&Robot controller @ge@&iB8¢gn and speci

The bolt finishes, featuring special hexagor
to facilitate daily <cleaning. This design
detergency. Further more, ther eobmdtaetrinal i st h

complies with both the Food Sag[268.&1 g@%h eAct |

Y H



il lustrates the various materials used to en
system.

(@

W - '.

.

Special coating .
(Compliant to FDA) ™

Special hexagon §
flange bolts :

Fi g8 ea) Stainless materi al used on the tip
chasscys Special h2e&&pon flange bol

Stainless materials

The robot arm is protected according to spe
El ectrotechni call268Bdmmiessi3on (hlrEG)af 8t pr epent f
angdt andard speci friecsapgd otnisvdloyyr. the robot

Tab32e Robot safety specification

Type Protection Applicable Classificati
(Il EC Standa

RV2 F Robotl mgmes Can be usedGener al envi

seriesProtection dusted envispecificatic

al | axes for assembl
application
The I EC I P symbol defines a degree of prot e

indicate a degree of prd2@tigandagaunbt aei Wwa
may cause the robot to corrode or rust

Tab33e Robot standard specification

I tem Uni t Speci ficati
Type RV2 F
Degree of freedom 6

y o



Structure Ver tmuwlatl i, pl

type

Arm | ength Forearm mm 270

Upper arm 230
mas s kg 19
Armeachabl e Mm 504
froakip cen-
Load Ma x i mum Kg 3

Rating 2
Operating r Waist (J1) Degree 48240 to +:

Shoul der ( 2401 2(0+120)

El bow (J3) 160 (0 to +

Wrist twis 40200 to +:

Wrist pitc 240120 to +:

Wrist roll 728B6(0 to +.
Maxi mum resul tant velcmm/ sec 4,950
Speed of mo Waist (J1) Degree/ s300

Shoul der ( 150

El bow (J3) 300

Wrist twis 450

Wrist pitec 450

Wrist roll 720

Wai st (J1)
The robot uses a standalone controller (CR7E
i s shown 3. A0Fhgurebot controller uses a <co
construct[i2emB Jlohfi sc eilsl sa st andard interface t hsq
optimised for their applications. It can be

(R56TB) Teaching Pendant (TB).



Fi g8 Robot controller and teachi ng

3. Rob.ot controller technical specifications

Tab3.pfr esents the robotés standard specificati ons

Tab34de Robot controller specifications

| t em Uni t Speci fication

Controller t° CR7HdH2 V+D

Number of <co 6 simultaneou

Robloanguage MEL FBRAASIT C V

Ma s s g approxi mately

Qutline di me CR750: 430(W)
174(H)

Operating te Degree Celsi 0O to 40

Ambi ent humi %RH 43 o 85

yp



3. Rodb.ot sof tware

The software used i nwetrtsiioonprodj evdtt swabg-sthh e RIT
generati on program <creation software t hat
predecessor, RT ToolBox 2. Key features of R
plane, and a ribbdnlbary, byhimaki eghamdee®rumad i o
software more i[n2eau8]Thee3 PbPomoavigatecreen ha
providing -far ineonrdd yusenrt erface3.. BEThe |lacttrwar
compatible with Wi ndows operatingosysbémer s
includi ngQ/th es eCrRI7BAOD E£€RKRB 0D O750,0 CsRenrQ/ édD,0 asred | @RN

Window tab Property window

Program edit screen

Project tree

; P
tare
g
e Individual
ot function tree
quun 0 —
004 17 06 1A 38 Setan ek v - M2 A SO
Pagen THNCrwwrd?) A1 A0t OO b St o . Fogen TN Cerwand ) A0 Motet Ond 100
O LR 1) O304 Tat tme Cosbton{l) Fogen TATICewend ) L8] A0t JDwe 108
Pogen APORIGICommend )) ROL Rubet 293606 S5T/Ca encends De Wele
Amady beee |(n-o/’~—
Output window Soarch Docking pane

Status bar

Fi g8l RT Tool box 3 2®p8e]lr ati on screert



3.

4PRr3agr ammi ng

The softwarper ogm@mlmony nga | angwBaAdgsd Cc alwha ¢ h ME LoFR

S

ever al versi onBASIi @Qcl vMdiiep 8B FXIhi s -proj ec

BASI C VI was used, as it expands and enhance

L

e
p

3.

f
t
d

t
d
u

ayout s hown .1IT2mi sFiwgeairei on enabl es a more cc
Xperience, facilitating the robot's operat.i
rinciples were applied to achi ev[fe26a8 ghiiggh | e
LBlustrates the programming process involv
i rst step involved defining the speed (usir
he coordinates of the robotcaursepesi ki popot
efined, | abelled PO through P5. PO marked t
o the four corners of the rectangl e, and

eposition occurred.seldh e oc omonvaen d h"emao vo"b owa st ou
sing joint interpol ati on, whi | e " Mvs" was
nterpolation. Single or double quotes (0 or
hat charactetsewedeéerbethyg wnto the code. A

ommand "End" was used to signal the compl et
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982 Setup/Add
__ i setup Name X ¥ z A
[0 10 Simulator !
D s D
el 45% Robot opera
p2 454,
p3 304200 -142.970 120,680 175,950
p4 319.550 165.130 119,370 180.000
XYZ ~atX | Joint Alt+

1
Robot 3D

= = |
ot Xl
:Program :ARC(Command:3) :Rcx  :Robot :3 Mvc p2 :Syntax error P
:Program :ARC(Command:4) :Rcx  :Robot :4 mvs p1,p2,p1  :Syntax error

2022:11:11 13:57:58 :Syntax check Error
:Program :ARC{Command:2) :Rex  :Robot :2 mvc p1 :Syntax error
:Program :ARC(Command:3) :Rcx  :Robot :3 Mvc p2 :Syntax error

4

The operation mode is changed to Online.

Fi g83r2 Robot programming and operat:.

P2 P3

PO

P1 P4

3@

Fi g8lr3® 3d printing path

yy



3. 483.D4 . Vi ewer

The 3D viewer is a powerful tool that all ows
as wel | as | i-drefti nveadl upeasr aonfe ttebvesrr t LAl apbacem
peripheral devices by basic objects. I n add
bet ween the robot and peripheral devices. Us
functions that ar eveavaaill,abtlhee o3nD tvhi ee wsecrr eiesn .a

can greatly enlanme en gt en dr oleoti fprcagrn on pr oces

3. 4Sbf.t ware maintenance function

Mai ntaining a robot is crucial for ensuring
various ways to maintain a robossng sdchf earse
i nformation. Some of the functions that aid
posi tion recovery support, and par ameter 14
operators can reference t he etaisminrgg dfatpanrts
repl acement , from operati acamndatod | eol. | Adtde d i
are other wuseful functions | i ke position r e,

smooth operation of the robot.

3. besign and deveslcoap nee nrto booft semxatlrlusi on

3. BPesign requirement

The design of t Hbea smeaz z3IDe pfroarnt ¢ emme ntu st car e

technical requirements to ensure its effecti
system. One of the key consi dedatapasityg wki
is essenti al to ensure that the nozzl e, al o
feed pipe, does not exceed this | imit. EXcece

damage toatme robotic

y ®



To reduc
often pr
extrusio
rtan
materi al

nozzIl e d

i's extru
The nozz
fl ow, w h
al so hel
accelera
ensure h
di srupt
consi st e
Adapt abi

accommod
mi xtures
adapt abl
applicat

Safety [
temper at
standard
and main
as burns
i nsul at i

operatio

e the overall 1l oad, lightweight but
eferred. The diameter and shape of
machil ewimgpdt he desired | ayer resolut
t ftbaacsteodr .miCxetruernets ar e abrasi ve, so t

s that can withstand continuoes wear

esign, asbadmadt\wirs @ad si tcyanofvacegmenmtf f ec

ded.

| e geometry should be optimised to i
ich is essential for producing unifo
ps i mprove | ayer adhessiwhneran dadodv eria
tors are mixed with the cement, the
omogeneity. The design must account
mat e r-ii mtl e gfrlaotweaedc ainwesimy emsur es t hat
ntly mixed and deposited which is cr

ity i s another key aspect of t he

ate different printing conditions ar

or changes in flow ratesemeanaryy.r eAQnmni
e design increases versatility and
ions, making it more practical for s
S paramount i n the design of t he
ur es, pressures, or chemical i nt er ¢
s such as Control of Substances Haz:
tenance (BS EN 1672), and EN I SO 121
, chemical exposur e, or mechanical f
on, safety wvalves, andapeesssskes dal

n.



3. Dels.pgowcess

The design methodol ogy used within thigS.vwdrk i nc

Computer Aided .STL file and _ .

Fi g8l4e Process of 3D printing robot

Firstly, the nozCAEIl ACa sy dAwi sdiregdn eDde su sginn g( CAD)
The CAD file was then converted into stereol
slicing software. Slicing refers to-cohdee,proc
which a 3D prrient ern decaemxl eicnittseera Gt andar di sed ¢

by CNC machines|[ adh]dAf3I@rprtihret eprrsi nti ng- proce

processing was performed to remove al/l t he
smooth any sharp edges. The nozzle prototype
3D printeryl auttiilci sAcnigd P(oRL A) , a thermopl ast.i
sources such as sugarcane or corn starch. D
conditions, PLA is one of the most popul ar L
applications. The materi al is relatively eas)

ot her materials such as nylon and Acryl onit

selected tostfaagd | de¢aitgegn etagdhtyi mgicuabi dbitysai

which enabled quick and efficient iteration
to a more durable materi al for final use. H
chemical resi stansechbseesepi dart hgst hhPLAnwai al

t he manufacturing of multiple prototypes. | 1
and adjustments without the added cost or c

Tab3.p5r esents the key properties of PLA mater



Tab35e Properties of PLA materi al

| t em Quantity
Densi thy (g/ m 1.25

El astic modulus ( GF35

Poi sson ratio 0.3
Specific heatk) capacl200
Thermal condik)Yi vito. 12

Tensile strength (MN65

3. 6N®R2zzIl e design 1

The initial design concept of the nozad e was
shown i B8..FbDhire design featured a materi al

intended to facilitate a smooth and consi st
However, the primary issue with this design

posohed at a 90A angle relative to the mater

900

Inlet
(diameter
20 mm)

Qutlet (diameter
20 mm)

Fi g8 Nozzle design 1

According2¢ ot €as3>configuration | ed to a sigr
outl et pipe. The sharp edges of the straight
of the outlet pipe before abruptl yl chifangt mags

dH



concentration could potentially result in cr
of the nozzle by wed3kbdhil ugtirtag est muctompear iBio
of material in sharp corners versus filleted

di stribution and flow dynamics.

Fillet
v

|
—— E—“——
—— - |
f.

!

Abrupt change Smoother change
St}*ess “flow lines” CI'U_Wd “Flow lines” less crowded
High stress concentration Lower stress concentration
Fi g83re Compari son between fil l[e2t6e9d cor ner
Stress concentration is a critical i ssue in
where the material experiences significantly

Thi s el evat ed stress can tl ecaaducti@al s tt rou catcucruar |

evaluat e, and address factord 268 §its cpornetvriiobuu
di scussed, stress concentration typically ar
cresesxtions, shape discontinuities, and the |

of stress concentratoimenriocréasesentwhbas BB hes:

abrupt. For instance, a sudden 90A change in
should be avoided at al/l costs. |l nstead, cCo
possi bl e gesotmeitbruyt et osstd ess more evenly. A p
concentration is the wuse of fillets, whi ch
|l ncorporating fillets helps to reduce the v
smoot hing out sharp transitions, thus | mpr

compohg26®9]

A circular extrusion nadvaeit avgac hciheovsienng fuonri fi

di mensi onal stability, and-bamedt B &rfp sctemiemnd g

do



based matMarnii &lasn[d2ab5?iljst owdr.ed t hat round noz:z
surface roughness and contourThewi atsontogocd
square nozzle provide htihgihseri nctormopd uecsessi viao rset
Zhang andf 7Saalnsjo,aymeinti oned thatdecreasar eerit:Ut

resi stance, encouraging steadier material f

3. NoXx.dlesi gn 2

The second nozzle design was optimised, with
to promote a smoother flow of material compa
to reduce the stress on tba ottbetepspegegmaln
high. 3FilLFumuestrates the flow of materi al t hr
highlighting the i mprovements made to the mas
ver @ainan t-fhrei Btbed. pr ot ot ype



Material inlet

45°

Point of high stress
concentration o s
Direction of flow

Material outlet

Fi g83r# aMat erial flow view of second nozzl e |
stress camde if-tor)iamBiDed pr ot ot ype of the

®p



3. 6Nodzdkesi gn 3

The third design concept was sulBsedBuenttlhyi s
iteration, a curved pipe wastihtraduagead aagl
significantly reducing the stress concentra
i mprovement in stress distribution, the desi
the joint due to the presenicre tolie sdciarecteidgre s
flow. This indicates that while the curved

refinement was needed to addr esspoadihng sr.emai ni

Inlet
(diameter
20 mm)

45° with
bottom
fillet

Outlet
(diameter 20
mm)

Fi g8 Nozzle design 3

3. Nox.zl e design 4

The fourth desig3n,l% ass@owm mph eFi gyete more ef
materi al inlet was positioned at a 45A angl e
such as a curved materi al inl et and edge fil
material nrmresds redwcentstati on within the pipe.

precisely engraved onto the nozzle to facild@

dc



system. The di mensions of
nozzIleds compatibility with
A B C

Edge filet Material inlet

45°

-  Maternial outle!

Fi gBlro &ECAD v
view of

ew

o

showi ng Chadsed | edc tfiean aulr evsi e w
t h e hfoovu mtgh ad essnogn h

t h,@ehsusing hbez
t he

overall syst

T

fl ow ofanndat(ecr)i al

3Printed prototype of the nozzl ¢
Tab3ee Size of the simplified extrus
I t em Quantity
Branch pipe | ength ( 50
Maipn pe | ength ( mm) 100
Branch pi)pe angl e ( 45
Pipe diameter ( mm 20
OQutl et diameter ( mm) 20




3. BD printing process

Thisgectoiuami nes the key stages of the 3D prin
materi al s, and par amet egusalBpyeg ndttigadl cTttuer eadc hi
specific 3D printing process udt.i2l0i sed in thi

— YAES t NR3IN
Cement Conveying T-pipe S RERT Printing Nzggte/
pump - pipe adll /return pipe B - pipe il cxtraction

E

Fi g820 Pr ocesgs nafi ngyD

3. T.elment mi xer

The cement mi xer used in this research was t

in F8gRBi¥®ehis mixer proved highly effective,

of cement mortar. It features a rotating dr
t horough mixing of the concrete. The gusamrcef
convenient . The mixer is equipped with a dusc

approxi iM% | ogf 8dust whel epstatbrabhowihnodgst hu
mi kK270]The dust controller is easily attacha
vacuum cl eaner s, hel ping to preveh27Bdd nes s
added safety, the mixer is equipped with an
l'id is opened. Additionall vy, the telescopic
materi al to be discharged ihretamixebugldte arn
of the drum. The compact size of the mixer I

These mixers are commosd yl arseanstnr santail dn t pr a

Py



Fi g2l Cement mixer (SOROTO forced ac-

3. 7Ce2ment mi xer technical specifications
Tab3.pfr esents the technical specifications of t he
Tab37e Technical speci.fication of cement mixe

ForcMot Wei gHei ¢cWidth/ Drum Mi xi  1Out pRPNStand

acti (V) (Kg)(cm)(cm) capatcapat( Kw) bl ade

mi x e (L) (L)

(L)

80 240.86 109 60/ 75 81 80 11 30 Steel
110 127

3.7TBansfor mer

The
110

wa s

by

cement pump operates with an input rati:H
V. Given that the stvaabd3arAd atnhpee ruasgee oifn at

necessary. A transformer i s an el ectrica

transferring electrical energy from one

¢ cp



mai ntaining the frequency of the current. T
pump during the 3D 3prRintuisng apgresc eshse. tHiaguwsrfeo
pur pose.

Fi g822 Tr ansf orcnoenrp ofnreonmm RS

3. 7TMdAr.pamp

Thmorpamp used forMdrhmklcameasd®r gcthdi $ saa power |

with-lanmei.nmadttori g obiught amnd can easily be tra
design. The two | arge di ameter wheels and tl
enhances its eafs27lo)fThedrmespant ami ased to d

progressive cavity pumping systaemsthlbavtn g wa rFa
3.23l't consists of a specially[@&&2iAgmed arhe tr @
drives the stator through a chain and begi ns
which is forced o[u2272dT het hfel upiudmpp ococukteltethas

determines the volumetric flow rate of the p

the rotor, resulting in minimal pulse and | o
pump i s tdurtnheed roont oaan begins to rotate. Cl ean
bef ore cement mortar i s poured into the cem

cement pump conveys the material3t&@Mowg ht hde
compact pro 12 cement pump.

MAan



Fi g8323% Marmadrapma mp

Lantern Bracket

Mechanical Seal

Inspection Port

Rotor

Pin Joint

Stator
Outlet Flange
(can be reversed)

Fi g824e I I lustration off 2prr2dgr essi ve

c

a



3. Mo.pamp technical specification

The di mensions and technicaB.8pecifications

Tab38e Technical nsoprepcainipi cati ons of

Technical propertieQuantity

Product pressure 0-20 bar

Product flow rate 0-8k g/ mi n
Power supply 110v/ 16A/ 50 & 60 H:z
Mot or power 0.55 kw

|l nt egrated comprescsNoO

Tank capacity 37 L

Maxi mum grain size 1.5 mm

Pipe diameter 2 5mm
Lengt h 8& m
Wi dt h 48 c¢cm
Hei ght 70 cm
Wei ght 38 cm

3. Mag.ecormMeying pipe

Thmat ecadamMepyiipreg has a,ahengthicf raatmd at a ma)

bar . As the namecommiaiy esj altfremusbhbd tement
nozzl e. It i s -plseoecbhatectednéeota -fopetbei sea
device that all ows materi al to flow through

connect edn tfoe dd ep3r=tbwriks gtulre mat er ipale ceq nvaeydi

pinch val ve.



Fi g832% Material cmpineeceg, ngnoipienchl val v

The return feed pipe is rated at a maxi mum [
is to reduce the pressure at the robot print
bar. When the valve is shuabl aesdpt wues mwigdbhhuwmv
the return feed pipe, which then escapes thr
nozzl e. When the pinch valve is c¢closed, t he
circulation of materlitali swiitmpiomr ttamd dyystnot e
pipes could potentially burst, which coul d |
the return feed pipe are shut si muupt amietohuisn

t he nmeyste

3. 7TPRrfessure gauge

A pressure gauge was installed on the return
passing through the system, and also to ensu

i s Pascal (Pa) .

3. 7Pi8nvcahl v e

Thgrinting process involves the continuati on
why the pinch valve was introduced. The pin
Fest o-OWM2QRAU which makes it compati bilse awi2/h2 t

Mo



way valve with a tubular el astomeric pinch
flow of fluid. The pinch val 8e,2i6tso n®msnatf ¢ ymiot
flow resistance and prevent bl ockage or <cl og
the pinch sleeve closes and cuts off mater:i
| onger applied as afrewumédiotimtbe phesisoher e

val ve wsilPeléer edesi gn i s also easy to cl ean.

a

Fi g826 Pinch va[2&3]lllustration

3. 7S®l.enoi d valve

The solenoid valve connects to the pinch val
el ectrical energly2 it emeahH asrei awrmbeyde M et gag .2 41 tv C
of an inlet and outl et an electric coil |

ferromagneti c [@dr4dWhiem tame edeercttrrea ¢ current p

the solenoid, the plunger goes up or down t
for manual operation, the solefji7dl Fvizglw@ree r e g
shows the solenoid valve used in this resear



Fi g827% Solenoid valve

3. 7TAL0. compressor

The air compressor used for this research is
in FBgaset uses an electric motor to conver
pressurised air. It connects to the solenoic
The air compressor pressurises thefpimadltervall

Fi g828 Ranger air compressor used along

M P



3. 7Alldlompressor technical specifications

Tab3d.pr esents the technical specifications of
Tab3%9% Technical specitftfication of air compres
Mot o Watt Il npu Aidi splatc Air t Maxi mu Wh e e |
(HP) (w) vol t: (cf m) vol ur pressur mount
(L)
2.0 150¢ 230 7 24 8 Yes

3. ®pti mised 3D printing process

Precise preparatory steps and equi pment are
of thebaeend nmat eri als usd8ddahl. 8Dotwlwei nftliomwge. h ak

and the overall 3D printing process, respect

[ 3D printing system ]

Material and delivery - )
system [ Robotic 3D printer }
r"“‘l\;a;r;r“"": e T
: R ¥ , 1 Digital modelling /| [ | Robotsystem | |
i i ettt | SEEROEIINCNEE | SO Lo
Sieve Fine 1 ' 0 1 I' !
3 -— P
oy | J S ¥ '
h | X | calibration l* 1
. B '
! Loy Mofiar ) _ o ,f Morar ] ' | [ Pah Generation - Robot controller | !
! i ! 1 ! ! Teachi endant | !
h Admixture | : Penstaic | -1 - - — 1 1 ngp |
| : " T -|+ pump | : : : :
Y = 4 ! 0 o _____
i | Fyash | ceBs | w lemmm - ' I ! ﬁ‘
| I I I
- : i | oo Mt )
- ”
| I - - | nozzle unit
Water H- Aluminum sulphate %- - . -' -
. " . —=
_ r*® -Material conveying pipe ,[J: - Grouped units 30 printed
il pecimen

Fi gB2®l owchart of 3D printing proc

McC



Robot controller

—)
Accelerator §
—

Container

\
—
Mortar
pump
Mortar mixer
Fi g8¥®verall 3D printing process

The mortar mixer was wused for ebfafsiecdi enmatt earnide
When the mixing was completed, the cement pu
Clean water was used to flush triextsyrsd ewa 9 ofi
into a hopper, which connected to the mortar
a continuous flow of material during the pri
t hr ough tchoen vneaytienrgi apli pest ont hezerbéot Thegt nozz
component , as it all owed the flow and depos
started, the system walsaaé¢d owaetdert iocalextwadri n

within the syshemaiandbwekhdlreasx.t i hlgi & step was

voi ds, bl ockages or interruptions during the
i's an extremely complex phenomenon infl uence
concmiexteur e proportioning, characteristics o

ot her chemifcaT5pRhdmi xtures



To begin the 3D prindxing rpohateiss ,s yastspomcwad il

of ceémesretd materi al |l ayer by | ayer. A Cartes
target point, which the r obeaxi ss,ysalelnowiond otwe
move and create the desired structure | ayer

pumped accelerator from an accelerator store
the nozzle of tihset erobwas. al hsemamilc rdoevm ce t he ¢
deposited |l ayer in form of mist to avoid ove

with Cartesian motion to ensure accuracy an

was glegcicontrolled by the robotic ar m. The
printing. The movement of the nozzle was syn
the qualidpyionfedhet B3Dctur epr iTrhtee dowanasl ti & ryg hd fy
dependent on the printing speed, pump sSpee:’

Ssubsequently elucidated.

My



ParcCt3D Printing Processing Pe

3. &Experiment al par ameters

This study tested the meecphrainnitcead sptrroupcetrutrieess, oifn c3
strength, split tensile strength, and fl exural S
after which they welbetrwastertadkt boa €ant her ¢

a temperature of 20 N 2 . The same material was
compressive and fl exur al tests includmeds 1w tlha yae
|l ayer height increment of 10 mm. Each structure
tensile test, the conditions were similar, exce

mi nuflees .speci mens were cut using a concrete cutt
tensiTe miersitmi se the impact of cutting on the in

out 20 hours after the printed specimens had ful

3. Prli.nting speeds

This study evalwuated four-pdiintfedewitpear me
speeds. The structures were printed with spe
increment of 10 mm. A constant Tpghueempinng rprnersesn
temperature and humi di ty°atantdh e’ 3t%, me esfpertiir
the objectives of the experiment was to obse
the buil dab4ipli nhy edd asliehtles it IR, whil e keeping
consTabdt.el0 @rB8Pepti nt i nwi tpharvaamreytienrgs pri nti ng

Tab3ldd3I D printing paypmghntrspeeddsh v

Sampl e Print Layer PumpinTemper iHumi di

(mm/ s) Hei ght Pressu ( AC) ( %)

( mm) (bar)
1 10 10 2 11.5 7 3
2 20 10 2 11.5 7 3
3 30 10 2 11. 5 7 3
4 40 10 2 11. 5 73




3. .ak.er height

Similar to the previous procedure used for |
printed and evaluated based on a difference

with a | ayer height i ncrement d4&fath Imbn, h:Vvi 2
25 mm, respectively. The | ayer thicknesses a
failure were recorded for each sample. The |

interl ayer adhesion, ewidihstamee®i fbiect watetne ntthi ec
previously deposited | ayer. Both constant pu
mm/ s mweirret ai ned, respectively. The environme
of printingCremdibaihn3e, Tdddoee 8t ilMelpyesent s 3D |
with varying | ayer heights

Tab3lel3D printing payamgt enygewi hkights

Sampl ePrint Layer PumpinTemper iHumi di

(mm/ s) Height Pressu ( AC) ( %)

( mm) (bar)
1 20 10 2 11.5 7 3
2 20 15 2 11.5 7 3
3 20 20 2 11.5 7 3
4 20 25 2 11.5 7 3

3. Pudnp pressur e

The study used a constant pump pressure of 2
a staflclomtamdous extrusion fl ow. This press.i
mat erial output, supporting | ayer integrity
rate. The constant pressure helpeflluctutanada

t hat could i mpact the uniformity and stabili



3. Ack.el erator

dosage

Buil dability was evaluated by the number of
|l ayers were printed with a consistent ti me ¢
25, 35 and 45% wperrien tuesddds alSdpd etsh AL 3 BT 25, AL _
AL _ STrdeébspecti vely. The accelerator was pump
operating at a maximum flow rate of 600 ml
accelerator onto each | ayer, t htea cahcecde Iteor aat orr
nozzl e, which then sprayed the mixture ont

extrusi on

nozzl e-pwasntlesd nsnt,r uacntdu rteh eme3aDs ur ed 4

thickness of 40 mm. Continhlbheustpuchuregf aviake
the maxi mum | ayer height. Envir 8Cnmewdt ahlu nfi ad t
of 6 2 %, were <cl osely monitored at the statl

comprehensi ve

parameters with

Tab3le3 D printing

under s toaunt cciohnaebslad

varying

3 hEe2 exmpes e meg

accelerator dosage.

payamgt acsewetht or dosage

Sampl Accel elLayer

LayePrinPumpiTemper iHumi d

DosageThick Hei ¢SpeePress( AC) ( %)

( mm) (mm)( mm/ ( bar)
AL _ ST 15 40 10 20 2 15 6 2
AL _ ST 25 40 10 20 2 15 6 2
AL _ST 35 40 10 20 2 15 6 2
AL _ST 45 40 10 20 2 15 6 2

3. Casting

procedur e

The same bababeodof maeeeinal used in the 3D pr
mi xed wi t h identical procedures t o ensur e
traditionally cast structure. A redt0O®&nguml ar
(Il ength x width hz.id&)ht )wiwahs iptrse pianrneedr (sFuirdfua

agent to

f anca ulidian ge.

el styr advee | was used to tr

MMM



the cement mi xer i nto the mould and uni form

or segregation. After the mould was filled,
cement material and remove gny ahbd s iflalce |dntart
di stribution of the material, ensuring a der
Once the compaction was compl et e, the top s
smooth, flush finimséfulEIxxesasmonadddrt @al emwsawsr &€ a

the speci men precisely matched the moul d.

The filled mould was | eft undisturbed for it
sufficient strength to hold its shape. The ¢
prevent rapid moisture | oses, tiwbichi toal dclue:i
moul d was removed carefully to avoid damagi
carefully transferred to a curing water tan
remai ned submerged t o dprsdmeatng t r apleires! fogpahmetantt o
moi st environment was crucial for achieving

curing process maintaUped fitndl 7r &dovaald, 2t8h
inspected for surface quality, dimensional a
voi ds. This traditional casting process pr o\
printed struactcomes ehemabliviengval uation of t he
acsodi fferent pr od3u.c&ti ooms neh eh ocdass.t Fmogwlrde and

Sstructur e.




Part D: Pe&wvfad numd n o e
3. Evtaluation methods
3. 1El dawability test
The mortar flow table test was conduk)t etdo acc
assess the workabli2lzfgpeti ai comoreae mawxch

t hdeesired

stabl e

moul d,

i n
Mul tipl e
accur aeyeamabirl i ty,

t wo

tabl e

assessing

fliowedallpe,and compacted to

fl owability and prevent

t he pteadb |les wasmedsr ap spread

perpendicul ar directions,

evaluating f

tests were performed f
foll owing 3t8RBows atdherf®ln

l owability of printable

t he

Met hods

prematur e

el iminate

and t he a\

consi ster

edbi pmenett hod i s widely supported in
f tboave eidn 3dx tcronscircer d lagnjd nKriinghnariaje
Gurfk7&tplicitly reference the slump flow te:

Fi g83¥2 Fl ow table test

mortar .

concrete



To
ens
con
def
whi
ext
di s
mi n
Thi
def
bl o

The
and
s ha

ExRrudability test

achieve extrudability, an initial test pr
ure uninterrupted and consistent materi a
firm that the mix coul d f oafm tae droingg, umlid
or mati on. Extrudability refers to the mat

l e maintaining a coherent and continuous

rudabl e when it eabhemai sirfaroednér jltidrees haper aar
tance without interruptions. According to
i mal def ormati on and no breakage througho

s approach aligns with | 2%idnjde tLido8d] wiarbe s e n

ined extrudability as the ability of a n
ckage or deformation, wusing visual assess
t est p3r.i8MBtowisn eRicgedrleent extrudability. TI
f ol | owsaga psahtahd gniztilg dveddr ner s, i ndicating

pe retention.

Fi gB¥3Extrudability test sampl e



3. 1BuBl dability test

Buildability was-sadsages sagpd rtolarcchuglo a ettvea mi ne
support successive |l ayers without slumping o
conduchaemddbgezing the fresh mix through a n.
enabl ed a quick evalgeatstomcdfurtahe i mit>ed@ys idar la
the mix proportionssdeaelfeor®ED cpmmttnnaglys & loe if fud

whet her each manually applied | ayer could s
coll apse, providing i mmediate f e eFdbgaucrke o3n 344
showse preliminary buildabiliingy test conducte
I n the second stage, automated 3D printing
col umn-by laayyear wi t h o uats asrhyo wino ri mw B-a éghu rlea y3e.r3 5Swa s
at-milnute intervals to simulate realistic pri
maxi mum number of | ayers achieved before vis
t he buil dability | ii mietd. sCGCaluwcmmug ak heatt amial nt

(approximately 100 mm i n ahsesiegdh tt)h ewebruei |cdoanbsiil di

This approach i $8@bosievae¢natedt budodbldabil ity
number of | ayers printabl e bef diad]sfoaielmprhea.si B
the deformation of | ower | ayers and -tphe i mp
While their work involved accelerator Sspray

stability and maxi mum mei gvitt had hev al urettihord od

Fi g&&AHansdqueézed buildability test

MM p



Fi g83% Vertical depesitt banl diabli dyewys 1

Overallstadhe Wbwoldability testing in this st
the I|literature and effectively balances pr:
standards in 3D printable concrete research.

3. M&chanical testing

The experimentsvere conductean two types of hollow cube structures to determine their
compressive strength. Both structures, onep8bted and the other monolithicad the same
dimensions of 100 x 100 x 100 mm (I x b x h). The tests were carried out in accordance with
BS EN 123963, which specifies the method for making and curing test specimens and the
procedure for compressive strength testing of concrete. ThHenlaa applied at a rate of 0.2
MPa/s.For both the 3Bprinted and monolithic specimens, the compressive load was applied
perpendicular to the layer build direction-¢Zientation) to ensure consistent strength
assessment acrassth methodsAdditionally, theflexural strength testsereconductedising

a 4point bending test method in accordance WBit8 E N -3 Zhs %e6t was applied to a
rectangular hollow structure and a rectangular monolithic structure, both with dimensions of
440x 140x 100 mm (Ix b x h) The specimens were simply supported over a support span of
400 mm, with two concentrated loads applied symmetrically atlirgepoints along the span,
creating a load span of 133 mm between the loading noses. The load was applied at a constant

rate of D0 N/s until failure.

00 QM "1
Yoi 0@ QI Qe+4+——7F— 77— .
01 €1l Qo "Qd £xox



Where the failure | oad i s mea sThedpantbendingNe wt on
test was chosen over thg®8int bending test because it provides a more uniform distribution
of stress over the central region of the specimen, making it sndeble for concrete. Fige

3.36shows the different testing methods.

Fi g833@a) Compblgessanw@isl| it tenuspil e test st

The splitting tensile test was3 ctomdutcu ceyd ti me
of different aluminium sulphate dosages used
of theiBdDed structure. I nt met ayernb®8BPd sbnen
as it influences the overall struct Jrlaébl9,i nt e
278 For t IBigsr itsettstglc tturee was cux 4® dx méehsi I

width x height) using a concr et.d nc uthteert easftti

apparatus, two rolling pins were spranhegdca
structure, positioned at the interlayer inte
a controlled outwar d Ipayeerssu,r ec adu sriencg |tyh eone t twee

bondasti aeown3d .vh THiigsurdeesi gn specifically test
chall enigntngr Italeetrwebeonn dl ayer s. By applying foc
all owed for a precise assessment of how eff

varying aluminium sul phate dosages influence



O

Fi gB37%2 Split tensile test

3. 1Pethetration resistance test

The vicamatic machine was used to urésj38t he s
Thmat erial was mixed according to the mix pr
then placed into a standard coni cal moul d, w
sul phate of different concentr ami ¢ adseemahnhdet o @
spraying process. Once the mould was fill ed,

of the -¥i temaer¢ ensuring the cement sampl e

needl e. The machine Wwapapametedsowerandet hei
panel, including the penetration interval fr
of 40 mm. After setting the parameters, the

Vicat needt bhepermenatsadampl e at the programn
measured and displayed the depth of penetrat
was removed from the chamber, the initial an

nedd e and surrounding equi pment were cleaned



VICAMATIC B

Automatic *

Fi gB3¥®enetration resistance test me

3.183cd@nning Electron Microscopy ( SEM)

The SEM procedurpepr bpgainngytbaredmpl g, ensur.i
dry, and properly mounted on a speci men stu
coating was used-basepdrepaeei ahefoem&EM usi ng
t he mat erdandduatsi weo.n The samples were positi

the valves were properly sealed and the <cha

pressure was reached, plasma was generated,
t hercect beam current. After the coating pro
sample was removed for SEM imaging. This gol

the clarity and quality of the SHKE&M domagreest .0

Once prepared, the sample was placed into th
reach the required vacuum | evel. The beam vo
di stance wals5 bnmemt Waosrrs ohli@Qgthi on | magongdeSecbnd

M M g



was used to focus on surface topography, pro
was conducted at | ow magnification, foll owed
the samplebds microstructur al afdesa ttuor ebso tbhe tftoec
astigmatism to ensure image <clarity. Contr a
visibility of surface detail s, particul arly
mi crostructure of therespezpmmemed Matl tv gdieo u sna
final step involved carefully removing the s
to atmospheric |l evel s.



PaEtFi ni t e Aen aelnyesnits

3. F3tn&l ement Anal ysi s

The finite el ement simul ations presented [
Wor kbemM®RH,2 @2 wi dely used commercial softwar e
simul ations aimed to evaluate t-pei niteéd e r cname «
based structures undder sconmprae s DNV evalso adindai.c
concreteamspecheneanal ysis focused on deter mir
during compression and whether the -fffEAANemode
zones noted3®dumbdgl seweregdevel opedeiphi ANSES
the di mensions of the test speciTnenssiumwelda tfioc

setups were created:

1.A Static Structural Analysis for wuniaxial

2.An Explicit DynambcnAnbl gsusafobefhdung
3. 1BMateri al properties
Materi al properties for both the concrete

experiment al data and standard engineering r

elastic and isotropic. Table 3NSWBS.presents t

Tab3le8Mat eri al Properties Assigned in ANSYS

Property Concrete Structur al S
D e n s DFhya c®Q 7.@®5

Youngbés Modu!/30000 cQ

Poi ssonds Rai0. 18 0.3

Bul k Modulus 15625 1. 6@67

Shear Modul u:12712 76923

Yield Streng: - 250




3.

Ch.mpressive test model description

The FEA model for compressive strength test.i

l oading condaboowatsowuygetde s ni n3xy9. tAhse snhoodwenl icno nkF

three primary component s:
Cemebnatsed speci men (central body)
Top steel pl at e, representing the | oadin
(UTM) (Green)
1T Bottom steel plate, representing the rigi
These steel pl ates were included not as str
model the interaction surfaces tha3Papphegirman

inclusion ensured accurate boundary condi ti c

speci men.

Fi gB3¥%® FEA model for compression t ¢



3.1€o00tact Conditions

Two types of surface interabéhawmeBowthre i cefeir

T Frictional Contact was applied between th
simul ate the rough, stable base contact t
some resistance to | ateral movement

T Frictionless Contact was used between t he
vertiocal |l oad transmi ssion without shear

smooth contact with the | oading head duri

These akl owaedsfor an effective simulation of

in | inewowiltch mecaHani c al conditions.

3. 1Me&h Configuration

The entire model was meshed using tetrahedr
were applied, with a gl obal el ement size of
efficiency andFingoBdred O orwess otlhuet i menamTbablseaBi 44t
pr estehdee wamelsh par ameters.

Fi g8340Mesh witsiuoanl if or mcoelpr essi ve



Tab3lelMesh parameters

Setting Val ue

El ement Type Tetrahedr al
El ement Si ze 5 mm

El ement Order Program Contrc
Physics Preference Mechani cal

3.1Bo@Bndary Conditions and Loading

Pressur-& coamgpressli oad pr avPaauona s0O .appl i ed nor m.
face of the upper steel plate. The | oad was

application of force, as would be experience

Di spl acement-TGo mygterpekiamte i mot i on of the top

constraints were applied to restrict movemen
Z direction (the axis of | oading) was | eft f
| oad.

Fi xed Sudupeorbtottom plate was fully constrain
condition. Al six faces in contact with the
ensuring a completely immovable base referen
3. 1Fl.exural test model description
Thisgction outlines the explicit -bysadi beadimn
subjectepoitmt abdmdirng test. The simulation w
using the Explicit Dynamics solvens whvohvias
compl ex contact interactions and | arge defor

3. 1Bedmetry and Loading Assembly

The geometry model consisted of a centrally
by two hemispherical roll er supports at eit

using cylindrical dfieeMhisadobfogksat{Fogur ef

MHIN



point bending test setup, widely used to eve
cemdbratsed materi al s.

Fi g834l FEA modpeoli notf bfeonudri ng test with explici

The support and | oad bl ocks were defined as
to reduce covepheéeadi onal

3. 1MaReri al Properties

Two materi al types were used in the simulat.

(for the |l oading and support blocks). The ma
properties.

3. 1BMeS8honfiguration
The mesh was generated using adaptive sizing
body el ement size of 9 mm. The mesh was con

met hbidgure 3.42 shows ,ahd MmMmabhe vBsinBlips aetsiec

vi sual i sation.

MH P



Fi gB42 Mesbhualisation

Tab3lee Mesh parameters

Setting Val ue

El ement Type Tetrahedr al
El ement Si ze 9mmBo dgi zi ng)
El ement Order Linear

Sol ver preference Explicit Dynai
Adaptive sizing Enabl ed
Mesbhabity check Enabl ed

3.150hver and Boundary Conditions

The Explicit Dynami c st rsaonlsvieerntwansa tuusreed odfu et htec
potential for sudden stress wave propagation
T Supports: Constrained to only allow rota

behaviour) .
T Loading Blocks: Vertically applied force

T Frictiormlosmsg,oltliede cont act ensured smoot h

MHC



3. B6mmar y

This chapter presented the material s, equi pt
devel opment andpreiviattad b i ohi oods 3Dt ructures.

materi al s, including binder s, aggregates, a
used in tailored mix designs to meet printahb
the printiinngc Iswditregn t he robot setup, weexter usi c

described in detail. Printing parameters su
were systematically varied to assessande.ir i
Standard tests for fl owability, extrudabil
mechanical testing to evalwuate the mixtures
established in this chaptesufidsmainide desgersism

in the nertl cdapgeEEA simul ati on
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Par tAsfs e s offhe mB8that e Pe ofMor mamc e
Mi XxXtures

Part Breliminary Testing & Noz

PART:PCinting ProcasddcOpl emastat.i
Admi ni strati on

PambDtPer f or Bamat@aEKpari mental Wor

MHY



ChaptResdl ts

Part A A S s e sSst nmet net Poefr fForremsain c e o
Mi xXtures

4 .l ntroducti on

This chapter fpirnedsienngtss ftrhoem ktehye experi ment al

influence of mi x design parameters, printin
printability andbpsetiommanoereesf Themeneéesul ts
fl owmayb,i lextrudabil it yagebumelcdhaabniilciatly ,p raonpde rdadr

emphasis on the effect of aluminium sul pha-
guantitative assessments are wused ithg, ewalduas
def ormation resistance. Where applicabl e, C
contextualise the results and highlight the

research.

4. Eobwability

A series of four mortar mi xtures were-eval ua

toinder ratio (W B), and the presence of su
fl owability, usifdngpwsltiemg samd sindynx aTlhe sr @3$
preseéent &dbll demonstrate clear trends in how s
influence extrudability and potenti al 3D pri

TabdlleMat edcodmdosi ti on

SandW/ B S/ B FA/ B GGBS/ S|l umpSI| uimp

type (mm) fl ow

(.mm)

Mi x . Shar 0.40 4.00 - - 1.8 118
sand

Mi x Shar 0.40 3.00 - - 2.7 127
sand

MH g



Mi x ‘FineO.40 1.33 0.20 0.30 3.9 144
sand

Mi x FineO.45 1.33 0.20 0.30 4.5 152
sand

Mi xes 1 and 2 were made of sharp sand withol
in g@&bndder ratio (S/B): Mix 1 had an S/ B of
1 exhibited the | owest wor kab+i wiotoy, 1Wi8t mma S
cement content and high sand proportion con
reduction in S/B in Mix 2 resulted in a |itHt
sl wimpow of 127 mm. This Papaohsi st eff®Orphuoct Bt f
showed that reducing sand contenttag@gregaates
bal ance.

Significant i mprovement i n workability was
utilised fine sand and i netebripnodreart e(dF AACBVMs= s®.
ground gr ahwd macda i dldagt ( GGBS/ B = d. B3br. sBime

W/ B of 0.40 as the previous mixes but had a
mm and -l ewump 144 mm, placing it well withi
and 190 mm, acclpitdljhg to Wei et al

Mi x 4 built on this design by increasing the
proportions constant. This change yielded th
mm and-fdlowmmpf 152 mm. The i nctrheea sfelduiwdaitteyr ocfc
without compromising buildability, [wWHipah al i
achieving balance between extrudability and

mi x design was selected to conduct the exper

4. Penetration resistance

The penetration resistance etfdeficdalwemienicomdsic
on darel ys estttaigneg ti me of mortar mixes, using t
were tested: one control sample (CTRL_STO0O0)
varying dosages of aluminium sul phate . (AL _S

Figure 4.1 shows the penetration depth versu
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g
2 20t
c
S
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()]
o
“ 30}
35t
40+
0 5 10 15 20 25 30
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Fi g4r e Penet rvatiin,en dept
Al |l five samples exhibited dbhsimnsmitehtopghedt

entire test duration of approximately 30 min
threshold of 25 mm, nor di d t heefyi nempradac-h2
penetrataonodaeipnd ) t-@a BhiENiIibhdbcates that n
occurred within the ti me wiHbdvew eagf, tae stliimgdtf
in penetration dept hl Aamintodd steersvte, d dirno pAdl nYT 4 ¢
mm39. 8mmAhil e mi noedthetdas!| puggest of setting



Part B: Preliminary Testing &

4. Breliminary printing
The initial cement mixture was prepared at a
util i simgenmnenstandati o of 4:1, with a water con

The cement mortarkgni xgdamde wiotmpra sgrdai2n si ze

1.ntim, RgoXT ement ,kg@afindwdt €r . Al |l components were
a calibrated weight scale. The dry mixture v
mi nutes. After achieving a uniform dry mix,

was mi xedefror6 amonutes to ensure homogeneity.
was then extracted using a small plastic tr
nnzzle with a diameter ,8$ dHBMgWA @atted to a |

Fi gd2aeyesdtExtrusion | evel after2-Extrmsasiexnrluee
after the addition of 250 g of <cemen

This initialtedtaudedi diutty ttoedtnsufficient w
However, from the physical appear atncemerdt t he
rati o was not proportionat e, resulting in a

MO H



operties. Subsequentl vy, an additional 250

corporated i nto ©het aeamah ann ey intisx teuxter ud aels

rtar was extracted from the adjusted mixt

— - < —_—  —h
> @ S 9 T QO

spite the modification, the experiment f ai
c oonutgehn ti,t aditshpl ayed notabl e i mprovemen
served in the extrusd2anadke.veAns addiutsitornaatle o

ment and 100 grams of water werwabsncorop

cted to another extrudability test.

the printed masBeriitalwadse po bcsteerdv eidn tFhiagtu rte
nt enhanced the binding capacity and ¢
re. The modi fied mixture was able to s

e exhi budti mrgalsifgaisl wrfe.stTThe observed st

buted to several factors, including inc
eezing, unstabl e uhsainodn ,moivrermeegnut|sa rdiutriiensg ienx
manual nature of the printing process i
tors might include void formation withir
adequate matperoilalngmidx towreen t i me, and i mpro
ous ot helhe poweri @lill igriierstt qual ity is highl
mater i al and the parameters employed ¢
the printed materi al possessed a rough

ity of the sand used (9pecifically fine



Poor surface finish

n*} \

SO .

Fi g43aeBD printed materi al i mmedi ately after
day

The second cement (mMiesftal2go wiarsg pa epracealdur e
empl oyed in the initial experiment. The temp
wer e 23 A@ easnpde c5t6i %t asleyne nAt sraantdi o of 3: 1 was us
of 0.40% of the cement mass to achieve optimn
1.5 kg of sand, with a grain size rafigng b«
kg of water. The indtutéatltoexmnswufdfabcil enty watseér
vi sual appear snuge ecsft etdh ea Ama empe NP eara tsiabnldu st r a

Fi g d4ae To address this issue, an additional
remaining mixture. Another scoop of the modi
extrudability test. Despite the adjusgmeémt,
another test failure. However, it perfor med
Fi gadbe

MO n



Fi gaédEextrusion | evelpyianfti mggcond bat cl

Still utilising the rest of the mortar mix,
mi xture was then manually subjected to anot
viscosity was found to be exaleislsiitvel tyedtow, Tt
occurred because the materi al particles wer
attributed to the | ow cement content combi ne
result, the mixture s$brclketdusaf f4batl é gitsit v mh eI

failed printing outcome due to the |l ow visco

MO Pp



Fig4g eFailed printing due to | ow v

The thir(deavtasSnpmpdrri ed -towe mairsti ngatai caofd 2: 1.
of sand with a grain size ranging between 1.

were utilised to prepare the cement mixtur e.
same procedure as in Test 1 and Test4® . iBasec
was oOobserved that the buildability of the ma
support f ourayearss ebceuftoirvee col | apsing after tt

potentially be attributed to the method of p

Fi gd4aTeest 3



A buildability test was also conducted to e\
could withstand without e xtha &émdentngr ateif @or onb t
mi xture was prepared with 2 kglofd sand,l. Wi tmh

kg of cement, and 0.25 kg of water. A total
one on top of the other, and all owed to dry.
was measured, and hhé&ifgaeselt ssaarel paesgntdedc
more | ayers were deposited, the degree of (o

increased.

The primary distinction betweenO.TZ2skg 3ian ahds
compared to 0.25 kg i nsulpedsatrvt8 bl. ayfess Wiat lwasi
while in Test 3b, compression was observed
indicating reduced structural stability due

Fi g% eBui | dalinmagteyr itaelssts howmn tpens ti dhep amer s

TesAwas conducted using very fine aggregate s
of wBhermi xture was prepared wietsts 2 hlkadgl &fg msna
of cementO,kganod Dha2t eexperi ment was perfor ma
environmentaal emperdiatuoesof 27AC and a humi di
test was executed using the same procedure a
shown 48 Figuwas observed that the materi al

MOT



finish compared to the outcomes of Tests 1,

demonstrated substanti al I mprovement , as it
without showing any signs of coll aapsereHawe\
hi gh, which resulted in reduced surface <con
i mpacting the tensil e sHurgeenidgstolr mat i ohewasi ob

within the printed struct urhe @omppmearred ftac ttohre
the i mproved surface finish in Test 4, as 0]
sand usmidxti winr g.he

Fi g4& eTest 4 materi al print

MOy



4. Per.f or manecfe pmal ymisary cement mixes

An extensive eval ubaatsieodn noifx tvuarrei so uwsa sc ecnoenndtu c t

parameters for flowability, extrudability, a

I n the first test-t@Temrsetntl)r,atwhoi cof Mad ,a tshaen
across all metrics. This was primarily due t
I n the subsequent tests (Abdygt AEaS@mmael Imaidregr
resul tingilpeée ov elrherstes .adj ust ments significantl
buil dability, all owing the mixture to suppo
insufficient bonding.

The perifopmanved svihgemi ftihesaermiaimyd madi ©o w2s1 i n
Tests 3alTeand 3&abh. with 0.2 kg water content,

successfully supporting up to four stabl e
Conversely, Test 3b, with a higher water con
unedr | oad, reducing.overall structural stabil
Test 4 introduced finer aggregates with a gt
2:1 ratio. Thisfictamdaceedulhnt sth iamdastabl e
supporting four | ayers. However, the increas

interl ayer adhesi on.

Overall, t he anal ytsea esmemtnfrinatmead afha2: B, saomk
water content and finer aggregates, provide
extrudability, buil dabdldlid y4. aanmr @ogg e mtts stuhr d a
outcomes for the preliminary trials.



Tabd2e&summary of Preliminary Mi x Designs and

Par ameter Test Test Test Test 3 Test ¢
Sand (kg) 2 1.5 2 2 2
Cement (kg) 0.5 0.5 1.0 1.0 1.0
Water (kag) 0. 2 02 0. 2 0.25 0. 45
Sapmrdcement R 4:1 31 2.1 2:1 2:1
Aggregate SiliB.5 1iB.51iB.5 1.iB.5 <1.0
Temperature 29 29 23 23 27
Humi dity (%)44 4 4 56 56 53
Fl owabil ity Faed Fail ePass Pass Pass
Extrudabili tFaed Fai |l e Pass Pass Pass
BuildabilityFail | mpr cPass Pass ( Pass
b ufta i deform
4. Prel i mobatrpyr3ibnt i ng
The first 3D printing involved4a3material fo

Tabdlde Materi al poroperties of test 1

Cement Sand ( Wat er Tempera Humi dit
30 - 10 8 90

The material was mi xedcusongmi her SOROTIOhif ®r w

at printing, the primary objective was to
extrudability rather than focuscogtent bwas$ da
without the addition of any <c¢chemical addi ti
mat eri al was being mixed in the cement mixer
flush it out . Foll owing thbid,het lpau mmi, Xx tanrde t\
conveying pipe successfully transported the

il lustratead i n Figure



Fi g4 @a) MateriahoexteusbdnFhotmd system du

The mixture consisted of-taemetndr iralt i fooromu I2a t]
content amounting to 0.65% of the cement mas
and the one used in the seconadantteenstt wwass itnhcer
specifically to prevent bl ockages within th

materi al

4. BlozDOpeéei mi sati on

The final nozzle design, representing the fi
obser vefdournt ht hreo(zszd cet idoBna r I.n&. S5t)he printing pr
occurred, attributed to the combined effect:
pipe, and the rotational movétheal®S84 ntket heb
initial setup successfully validated pumpabi
the focus shiftedicttawarl ds ndrelgandiyngngdt compor

aluminium was introduced for the next phase



Weight of cement pipe
forcing the robot arm (J4)

-

Y Point of failure [ o

&

on the material inlet pipe,
l=ading to fracture

Fi g4 a) Force acting downwaodsl en nozzl

The materi al selection is a critical factor
performance of the printed structure and al u
high ther mal conductivity enstuheshitdlat t d@rhpee
generated during the 3D printing process Wwi
particularly i mport anbtaswhde nstwourcktiunrge swi twhh i ccenr
heat to maintain fl ow manmd uinrtsedriigthyt.weA dditt ip
key role in improving the overall perf or man
materials |ike steel, the aluminium nozzle r
ulti mately pespangohgthbemachine. This featu
mi ni mising | oad, especially considering that
best within 2 kg. A lighter nozzle noée only
precision and speed of the printing process,

Al umi ni um' s resi stance t o corrosi on and w e

application, as it ensures t hat witthieounto zlzd s
functionality, a clear advantage over mater:]i
Lastly, the machinability of the aluminium :
including the threaded groove on the inlet |
cement pipe and the nozzl e i nlnectt.i olnhad adbkeisliig

MnH



essenti al for this application, where accu
combination of these properties, | ightweight
of machini ng, made aluminium théundeiabdnealhiot
precision, Fagdrleendevdvilt and 4. 12 andnncshhalae e t
connected ,tesgdedet hvoghoti ghti ng the design i m

version superior to previous ones.
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Teet h/ Thr e a(

Fifth nozz —p

Fi gar2e Nozzl e design with threaded grove

Foll owing t Ipe efvaiolusr moafzltethassing ABS and t he
aluminium nd®Rzpret afiusd weme Tchoen dtuecsttesd wer e co
the same stepébeaprdeosbooitinlBagige pitms ntiand 2. The
introduced into the cement pump and carefull

pumpability could be seen, as the material f

—+

he water contemdt evraisalefd ®@rctt ii viele dolthgeh f 1 @ wt Is en
ozzl e, and after a short interval, t he 3D

utcome of the 3D prd4i3Mtaibnige i4s. 4d eppriecsteendt si nt hFei

Cc O 5

sefiorothis print.

Tabdlde Mat eri al properties

Cement Sand Wat er Temperatu Humidit"®
6 12 3.9 9 88

Mnp






































































































































































































































































































































































































