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Running Head: Shape accuracy of 3D-printed baking dough
Summary.

Apart-fromrthe material compositions, processing parameter8Dfprinter also

affect the modeling effect of printed samplé$is paperpresersg theinfluence of

processing_parameters including filament diameter (2.10, 2.30, 2.50 mm), nozzle
movementspeed (20, 25, 30 mm/s), nozzle diameter (0.8, 1.5, 2.0 mm) and nozzle

height (2.1032.40, 2.60 mm)s avell as that opostprocess fastooling (65 °C 0, 5,

10 min)=onrtherheological properties and geometric accuracy of gp8ibted food
construct mdeof baking dough (BD)Results showethat e printed object whose
shape best matched the target geometry couldolidained with the following
processing parameterfslament diameter of 2Bmm, nozzle movement speed 25
mm/s,nozzlesdiameter of 2.6hm, and zzle height o2.40mm during 3D printing
combined withfastcooling at-65 °C for more than 10 min after printing and before
baking:

Keywords 3D printing processingparameters, pogirocess fastooling, modeling effect,

rheological properte

I ntroduction

Threedimensional printing (3B) is a new technology thatuses computer-
assisted layeby-layer deposition of material® produce 3D object¢Hao et al.,
2010). Unique advantages of 3Dkhclude minimal labor and thecapacity to
manufactue extremely intricate shapes, making it suitable #ormwide range of
applicdionsyespecially ira fastincreasingconsumer goodsndusties such aghe
food industry (Drury, J. L. & Mooney, D.,J2003;Galantucci, L., Lavecchia, R
Percoco, G.2009; ®doi, F. C., Prakash, & Bhandari, B. R.2016;Li et al., 2015;
Tumblestonret al., 2015;Khalil, S. & Sun, W., 2007; Suet al., 2015 Zoran, A.&
Coelho, M., 2011).
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The demand ofood printing hasimmensegrowth potential,as it canproduce
new foodswith easilycustomizablerecipesand complex shapegWegrzyn, T. F.,
Golding, M. & Archer, R. H.2012;Yang, F., Zhang, M. & Bhandari, B. R.Q27).
The appkations of 3DP in food productionare fascinatingfor both thesimple
production=process anthe dsign of nutritionalfood with innovative textures
(Severini, C. & Derossi, A2016) In recent yearsonsiderableesearch has focused
on the"application of 3ADRchnology,using various food formulations in the design
and preduction ofdifferent typesof food constructs. For example, bacon é&id
transglutaminas&ere usedo enablescallop and turkey meg@ureeto be printable
and geomeically stable after cooking (Liptoet al., 2010). The possibility of printing
cookiesthat areready for b&ing after printing was investigated (Sehal., 2015) In
addition, some groups haexploredthe possibility of modelingffects ofprinting
parameters orthe quality of printed productszor example,a linear relationship
betweenlayer heightand extrusion ratin 3D chocolate printingvas demonstrated
(Hao et al., 2010) However, the relationshipetween differenprinting parameters

was na fully.detailed in these previous studies.

Two conditions are primarily responsible for the quality8bBkprinted samples
the extruding capacity and the shape retention (Yane, &., 2018).The extruding
behavior of 3DP is actually a shear mechanical behavior which relies on rheological
properties such as apparent visgo&it nonNewtonian samples, thus, it plagsital
role inthe modeling effect when the compositiaf the printing materials fixed.
Apparentwiscositys theshear stresapplied to a fluid divided by th&hear rateL ow
apparent,viscosity would lead to the material that is easily extrodednable to
adequatelysupport the shape and structuretloé 3Dprinted samples, while high
apparent viscosity auld lead to bad extruding capacity, leading to-@ited
products with poor printing accuracy and easily broken linegherefore, an
intermediate apparent viscosity is crud@la successful 3fprinted product.
Baking.dough(BD) for cookies is agoodadditive manufacturing food material.
Preliminary work with differentompositionshas already optimized the formulation
of this 3D printable BD (Yang, F.et al., 2018) However, once the optimized
formulation of this BD has been found, there are four memessing parameters that
affect 3Dprinted products: filament diameter (FD), nozzle movement speed (NMS),

nozzle diameter (ND) and nozzle height (NH). In practice selection of suitable
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processing parametersarucial for the succegsl 3DP of a new prduct @Anitha, R.,
Arunachalam, S. & Radhakrishnan, P., 200h).addition, shape retention te

printed products after baking is also very important, as the extruded dough still needs
to be bakegbrior to beingeaten Therefore, posprocess fastooling (PPFC) has been

usedrin these experiments to enhance the shape retention of printed samples.

This paper airadto explore different processimgarametersncluding FD, NMS,
ND and=NHya well as that oPPFC onthe rheological properties and geometrical
accuracy=mof a new 3rinted food construct of BD, and to use
mathematicaimodeing to optimize these parameters of food 30Ris work also
explores variance of peprocess parameters such as PPFC,timemprove the
geometically stability of BD after taking. As theavailableliteratureon 3DPof food
productssisdimited, the present work may provide useful information for future studies

in this emerging area.

M aterials and methods
Materials
Ingredients

TheBD consisted ofcing sugar (crystalline sucrose, moisture content 0.2% (g/g,
db), Sugarman CorporationChina), butter (moisture content 0.4%, Lactalis
Corporation, France), logluten flour (moisture content 14%, Wilmar International
Limited, Singaporg eggs (moisture content 73%, local market) drsdilled water.
Distilled-water was used for all experimental wofke standard formulation was a
mixture efieing sugar, butter, low-gluten flour, eggs, and water at a ratio of 6.6: 6: 48:
10.4 29y"based on weighthis formulation waslerived fromthat of butter cookig
(zhi, 2014), and was optimized in our previous study (Yangt &., 2018).

Preparationsof the BD

The refrigerated butter was softened at room temperature for 15 min, then mixed
thoroughly with icing sugar in a blender (IKA Co., L@ermany), followed byhe
addition of eggand further blending until the composition was well mixed.
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Subsequently, low-gluten flour and distilled wateareblended into the mixture, until
a homogenous composition was obtained (zhi, 2014).

3DP

FD is,thediameter otthe cylindrical line of materialextruded by the printer, i.e.
the monolayer heightn the printing process, the nozzle moves on the XYZ axis to
constantly=adjust its position irelationto the platform, and NMS is the speed of
nozzle.ND.is the diameter of the nozzle. NH is the distance between the nozzle and

the printing platform.

Torinyestigate the effect suchprocessing parameteos the 30 properties of
the BD threelevels ofFD, NMS, ND andNH were tested-D wasset at 2.1, 2.3 and
2.5 mm, respectively. NMS agset at 20, 25 and 30 mm/s, respectively. N&sset
at 0.8, 1.5 and 2.0 mm, respectively. NHasaset at 2.10, 2.40 and 2.60 mm,
respectivelyUnless otherwise specifiethe standard settisgpf FD, NMS, ND and
NH were2.3:mm, 25 mm/s, 2.0 mm and 2.40 mmaspectively The experimental
temperature and relative humidity were 24@ and 51%, respectivelfAnitha, R.,
Arunachalam, S& Radhakrishnan, P2001).

Anextrusionbased3D printer (DRIMY Co. Ltd, Kunshan, Chinayvasused in
this study. Bth FD and NMS which are options in the setup of the controlled
software_Repetiercan be adjusted by the Repetier coupled software. In this
experimentyif the printed objects could maintain their shape and structure for at least

20 minjthey-were considered successfully printed.

PPFC.andbaking

The==3Dprinted samples were fasboled in an ultrdow temperature
refrigerator;=65 °C, for 0, 5 10 min, toensure geometric stabilityonce fully frozen
(except.for the onewith O min fastcooling), all products were baked in an oven at
190 °Cfor 10 mirafter which they were ready to be eafghi, 2014).

Determinationof samplesjuality

3D structure analysis

This article is protected by copyright. All rights reserved



144
145
146
147
148
149
150
151
152
153

154

155
156

157
158
159

160
161
162
163

164

165

166

167
168

169

The 3Dprinted shapgin this experimentverea mousend a square frame. The
printed products were measured for their length, width and hieyghsing avernier
caliper.In this experiment, the mouse target design had a length of 95.00 mm, a width
of 94.00 mm and a height of 35.00 mwhereaghe square frame target design had a
lengh*&width of 100.00 mm and a height of 5.50 mm. The bespAbtedBD was
selected byomparing itddimensions to thseof thetargetdesigns The less absolute
value of the differencéetweenthe dimension®f printed products anthe ones of
targetdesgn that the printer mees the betteshape accuraogf printed products we
gets.For.eachprocessing parametesample were printed in triplicate and measured
in triplicate,

Rheol ogical property measurements

The"rheological properties were charaaedi using an AG2 Rheometer (A&
1000, Co. TA, USA) with a parallel plate (cone diameter 20 mm, ariglarid gap 2

mm), at 25°C. For determination of steady shear viscosities, shear($&®gwas
ramped from 0.1 to 100*°sSRand apparent viscosity (1) were recorded by RheoWin
4 Data-Manager (Rheology Software, Thermo Fisher Scientific, Waltham, MA).

A.ereep and recovery test was usefth creep strain of 0.1 Pa and recovery
strain of 0 PaThe measure was done by creep tame of 75, 150 and 300, s
followed byrecovery time of 150, 300 and 600 s (Moreira, R., Chenlé&, Forres,

M. D., 2013).Eachsample with different formulationsas tested itriplicate

Data analysis

All-eguationsusedfor data analysiare presentedelow:

dL
PS (1)

wheresPS ighe printing speedmm/s),dL is the extruded sample length when

printing,(mm), andit is thetime used for printing (s).

du
SR= dy (2)
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170 where SR is the rate at which a progresshearing deformatiois applied to
171  certainmaterial du is the instantaneous printing speed (mm/s) which equals to the PS
172  value, anddy is the diameter of the tub¢hat connecs theelectric motor and the
173 extruder (mm).

p_,ui,
174 Re= n 3)
175 whereRe equalsthe Reynolds numbery is the density (g/mm), andL is the

176  diameterofithe tube which coecs theelectric motor and the extruder (mm).

kex1

177 PS= Fp? 4)
178 wherek’is therate empirical parameter.
179 Supposingthat the trust caused by the direatrrent electrical machine is

180 constant, all"the materials are wpitbportioned and printabl@hus the volume of
181 the feeding'material is also constdnttheory, the volume of the printing material per
182 second is equal to the volume of the feeding material per seCondequentlythe
183 PS is inversely proportional to the squhfeD. Hence the model equationwas
184  obtainedyand written dsquation (5).

Vd
185 he= NMS*ND (5)

186 where h. is the theoreticakuperior NH (mm),Vy is the volume of extruded
187 materialper.second (extrusion rate, mniWgang, J& Shaw, L.L, 2005).

188 Experimental data were analyzed using the SPSS 20.0 software (IBM, Chicago,
189 IL, USA), using oneway ANOVA and the Duncan test for paiise comparisons, to

190 deternmine significant differences among the means at 95% confidencg &@west R.

191  F. 1998)

192

193 Resultsand discussion

194  3DP modeling effect
195 The printed products with the best shape accuracy are those which most closely
196 resemble what they are designed Fog 1 and Table S1 showed that theshape
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accuracy ofthe printed productsvaries inverselywith the difference betweerthe
length, width and height dhe printed products anthose of the target designghe

best 3Dprinted mouseshapedD had a length of 94.6éhm, a width of 94.13 mm

and a height of 34.67 mmwhereasthe best baked 3Pprinted squardrameshaped

BD hada“length of 100.35 mm, a width of 100.35 mm and a height of 5.27 mm,
indicating the closest length, width and height to the ones of the target design.

Fluid behavior of thextruded material

This extrusiorbased 3D printing process is a kind of mechanical shearing
process.. Bgarding thecomplex mouse desigrthe use ofdifferent processing
parametersesulted in differentengthsof sample and nnting time as measurebdy
the Repetier, softwareTherefore,the PS of each product cde calculatel by
Equation (1).

SR canthenbe calculated b¥quation (2). All the SR in this experiment were
between 0.1 and 2*sFromFig S1, with theSR between @ and 2 &, Equation (6)
which is a model based on experimental data can be fitted as follows:

n=3.1315r"% RF=0.9991 (6)

wherey equalsthe apparent viscosityTherefore,the apparent viscosities of
extruded material according to the value of the S&an be calculated bgquation
(6). In a_prewous studyresearchers @kored the rheological and extrusion behavior
of dental porcelain slurries for rapid prototyping applicati@msideducedequation
(6), involving optimized NH and the volume of printed material per second (Wang, J.
& Shaw, L.L, 2003.

In‘addition, the fluid behaviorould be considereds eithedaminar flow or not
by the Reynolds numbédlf. the Reynolds number was below 2100, the corresponding
fluid behavior wadaminar flow; which is known asteady flow(Tian, S.& Barigou,

M., 2016).. Thus theReynolds number was calculated bguation (4). As shown in
Table S2;the' Reynoldsiumberdor all samplesvere below 2100, indicating thatl

fluid behaviors in this experiment were laminar flow.

Effect of variation of~D on the 3Dprinted samples
As shown inFig 1, printed products had the most intact shapes when BEiraj
2.30 mm. The FDbf 2.50 mm gave the second best print resolutibncontrastthe

products generated using-B of 2.10mm exhibited the most irregular shapes

This article is protected by copyright. All rights reserved
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This phenomenon could beue to changesin apparent viscosit between
different samples.The PS and apparent viscosities BD with different FD are
presentedin Table S2. They indicate that, in this printing system, thprinting
material withFD of 2.10 mm hal a relatively lower apparent viscosity (2.84 ®a
compared with other FD valuewhich couldbe problematic formaintainng shape
and structure after printing@ @ble S1). However, wherrD was increased to 2.50m,
the apparent viscosityas also highe(3.52 Pas), which might betoo difficult to be
extrudedfrom the printer, causingpwer printing accuracy. This explanation is also
supported byl able S1, wherecomparing withthe bestshaped sample (obtained with
a FD of'2:30‘mm), the printed sample witalower FD (2.10mm) was longer, wider
and thinner while the printed sample with digher FD (2.50 mm) was shorter

narrowerandthicker.

Effect ofdifferentNMS on the 3D-printed samples

As:shown inFig 1, printed products had the best intact shape wisémg an
NMS of*25:00 mm/s. An NMS of 30.00 mm/s gave the next best printed objects,
whereagheproduct obtained usinghd\NMS of 20 mm/sexhibited the most irregular
shape:

Thissphenomenon coulasobe due to changein apparent viscositamong the
sanples. ThePS and apparent viscositiesBD with different NMSwere presenteih
Table 2S. As shown inTable 1S and Table 2S, compaedto products printect the
NMS of 25.00 mm/swhich had the best intact shape, products priatedMS of
20.00 'and 30.0amm/s respectively. Both of these samples had relatively higher
apparentsviscosities (4.71 Pand 3.88 Ps) and lower accuracy of printed samples
matching, with target designs. Also, whéme NMS was relatively higher (30.00
mm/s); thescorner parts ofdtprinted products could not beequately printed, which
contributel t@ poor accuracy ofthe 3D-printed objects compared with the target
design."Additionally, high NMS (30 mm/s) might cause dragging of extruded material
by thesnozzle which might lead to broken surface of printed samples.

Effect of variation oND on the 3Dprinted samples

The suirface smoothness and printing precision of an olajecprimarily affected
by thesize of the printenozzle (Yang, Fet al., 2018). As shown ifrig 1, printed
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263  products had the best intact shape vaithD of 2.0 mm, followed byhe ND of 1.5
264 mm,whereagheproduct obtained using a ND of 0.8 naxhibited the most irregular
265  shape.

266 This phenomenon could bdue to that relatively higher apparent viscosities
267  occurredatsmaller values of ND (0.8 mm and 1.5 mnipble 2S), whichled tothe
268  lower printing accuracy.

269 ThePS and apparent viscositiesBD with different NDare presenteth Table

270  2S. Asishown inTable 2S, in this printing system, as the ND is increased PBealso
271 increased, ,Jout the apparent viscosity decreashd. snoothness and dimensional
272  accuracycouldbe enhancelly a smallenozzle size, buthis wouldcause an increase
273  the pressure)or shear experienced by the material at the nbazi@g a negate
274  influence on extrusion behaviofhis would lead to lower geometric accuracy when
275 the printed abject matching to the target design. Therefore, in this printingnsyste
276  both 9.44 Pa (0.8 mm FD) and 4.40 B41.50 mm FD) apparent viscosities might be
277  too high for extrusion, and 3.17 B#2.0 mm FD) apparent viscosity might be suitable
278  for extrusion:

279

280 Effect ofdifferentNH on the 3D-printed samples

281 Attala=(2016) indicated that NH significantly affects the geometric shape of
282  printed samplegAttalla, R.,Ling, C.& Selvaganapathy, P2016) As shown irFig 1,
283  printed. products had the best intact shapea NH of 2.40mm, followed by the
284  product obtained usinipe NH of 2.60 mmwhereaghe product obtained usingH

285  of 2.10 mmexhibited the most irregait shape

286 By substituting thé>S and FD in th&quation (5), we calculated that & 93.218,
287 and Vy=4k/m =118.689 mm3/s And D, =2.0 mmand v =25 mm/s, thus h=2.37
288 mm. InEig.1; the NH which had the best modeling effect was 2w which was
289 the closestito 2.37 mm in the NH group. As the NH of 2.60 mmalsagelatively
290 close tostheNH of 237 mm, the modeling effect of the product obtained usirey
291 NH of 2:60 mmwas bettethanthat of the product obtained usitige NH of 2.10 mm.
292 WhenutheNH was bwer than h, the extruded lines were much thicker, thus
293 leading to the geometric inaccuracy of printed produatsen theNH was higher
294  than h, the feedingdD might not reach the print platform when the nozzle turned to a
295 corner, thus also leading to geometric inaccuractheprinted productsTherefore,

296 when theNH was very close tod the shape ofhe printed productshouldbe the
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closest to thetarget design Also, as a result of dough swelling/spreading upon
extrusion, the optimum NH should be slightly higher than h

In an ideal printing process, under the condition of matched extrreti®rand
PS, the NH value was supposed to be the s@ithe¢he ND value (Wang, & Shaw,
L.L.,2005)"However, due to elasticity of material, expansion of extruded material
occurred Thus monolayer height (FD) of material would be slightly higher than the
ND. On'the other hand, the NH also should be as low as possible to make sure that the
extruded material could be fused with earlier printed layers and hawecwuracy
caused_by delayed depositiorhus thetheoreticalsuperior NH(h) should be very
close to FD:Therefore, the optimized NH was selected to 2.40 mm, which was the

closestione to hconsidering allowable error of dough swelling upon extrusion.

Effect of variation ofPPFCtime on the 3D-printed samples

In general, ahigh baking temperatur&ould cause a certain level of damage to
the shapes and structures 3-printedfood productsFor example cookie dough
which initially’lost its shape when baked was printed, thesookies were chilled in
a freezer'following extrusion to ensure getnoestability (Lipton et al., 2010).
Preliminary experiments of the dough used in this experiment had been confirmed
that -65 _°Cfor greater than 10 min provide the best resulthis experimentall
productswere frozen except for theroductswith PPFC time of 0 min, and then all
the samples were baked immediately after PPFC.

A creep and recovery test was performedwhich a shear stress was forced
upon the materialln a creep recovery experiment a stresapplied fora certain
duration_and thensi removed and the recovery is monitoffed another certain
duration. Less strain during the testdicatesa stronger ability of the material to
maintain.the shape and structurehaprinted products. As shown Kig 2 andTable
1S, withrinereasng PPFC time, the baked productisad better shapes and structures
matching=with the target desigiihis corresponds to these samples also exhibiting
less change durinipe creep and recovery te@tig 2S). With no PPFC before baking
(0 min), the,samples were gmrsly collapsed and could not keep their shdpées2).
Thus, if 3D-printed food productsare to be produced hawdesired shapes and
structuresthey should béastcooledto -65°C for more thad0 min.
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Conclusion

The properties and composition of makrready for printingare considereds
important factors in the 3DP proceShese materials should be homogenous and
have appropriate flow properties for extrusion as well as can support iteursruc
during and,after printing process. Besides phygioaperties of different composition,
the results of process optimization for 3DP confirmed that FD, NMS, ND and NH
alsoraffectsthe shape accuracy of printed samples. It was found that FD (2.30 mm),
NMS (25.mm/s), ND (2.0 mm), NH (2.40 mmwpre optimal parameters for 3DP BD.
PPFC £65 °C; more thanlO0 min) after printing and before baking was beneficial to
maintain the structure and shape of samples after haKinig corresponded to
3.17Pas apparent viscosity when extruded. Moreover, the success oDPeBB
provided-beneficial guidance for other food material in 3DP.
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Figure captions:
Fig 1. Representative photos of printed sampléh different processing parameters

in different groug: (a) FD; (b) NMS; (cND; (d) NH

Fig 2. Representative photos tfaked printed samplesvith different PPFC time
before 'baking

Supplementary infor mation captions:
Fig 1S." Apparent viscosity an8R of samples

Fig 2S."Creep and recovery curve sdmpleswith differentPPFC time{a) 0 min; (b)

5 min;«(€) 10 min

Table 1S. 3D structure analysifor the mouse desigfFD, NMS, ND and NH group)
or the square frame design (PPFC time group)

Table 2S. Printing speeds and apparent viscositiesamplesin different groug: FD;
NMS; ND; NH
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