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1 Screening of different flours for 3D food pinting: optimization of
2 thermomechanicalprocessof soy and rye flourdough
3 Valérie Guénard.ampror, Xincheng Liw?, Marine Masso#f, David Blumentha?
4 aUniversité ParisSaclay, INRAE, AgroParisTechUMR Sayfood 91120, Palaiseatrrance
5 *Corresponding authodavid.blumenthal@agroparistech.fr
6  Highlights
7 x Printability of thedoughis optimizedby water content and duration of the process
8 X The two parameters must be adjusted simultaneously due to their interactions
9 x Printing quality and stability of the products mainly depends on the water content
10 x Similar water content (~ 60%) optimizes printability of soy and rye flour dough
11 X Longer processme is needed to optimize soy flour dough
12  Abstract

13 3D food printing allows thalevelopmenbf personalized foqdout it is necessary to diversify the
14  printable recipes tgpropose a varied food offelhe objective of this project was to explore the
15 printability potential of different flours and to optimize laetmomechanical procegmixing and
16 heating of water and floutp ensure good print qualit bibliographic study of 25ldurs and an
17  experimental screening fif/e flours wasconductedThanis to the previous stepsoy and rye flour
18 were selected because tifeir interesting nutritional Yae and their printabilitypotential. An

19 experimental design (10 trials) for each flour showed a significant impact pfdoess parameters
20 studied(percentage ofvater content and duration of the thermomechanical treatmemtrint quality.
21 The reverse engineering approach demonstrated that the optiealcontent is siilar for both flour
22  (Soy: 59 % Rye:60 %), but the optimal duration of theestimomechanical treatment is quite different
23  (Soy: 27 min, Rye: 22 min).

24  Industrial relevanceext

25 Interest in 3D food printing has continued to grow in recent yéaducts with different flavors,

26  shapes and textures have been proposed in many stddigsver, print quality is not always easy to

27  predictand toobtain especially when faced with nutritional or functional constraints. In our study, we
28 developed a-3teps approach (two screening steps including bibliographic and experimental method
29 andthen one optimization step) to propose new edible ink combiningstitey nutritional composition

30 and good print qualityTo achieve this goal a design of experiments based on two process parameters
31  (water content and duration of thermomechanical treatment}evakictecand a predictive model was

32 established for soy ange flours. The reversengineering method allowetkterminingthe process

33  parameterso useto ensure good print quality and stability of @Einted products. This approach could

34  be applied for the developmentredwedible ink using other flours or inteajing different ingredients

35 Keywords: 3D food printing,dough,food processinglesirabilty function, reverse engineering
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36 1. Introduction
37
38 3D printing using layeby-layer deposition technology also called additive manufacturing are

39 increasingly studietbr their potential in terms of food personalization. 3D extrusion primtifegsthe
40 possibility to design shape, textutaste,and nutritional needs that meet conswsy@eferenceand
41 the needs of specific populations.d., people with dysphagjaahletes, people with allergies or
42  following a diet, etc.)Different types of edible inks have been studied for 3D food printing such as
43 chocolate(Mantihal, Prakash, & Bhandari, 201 gelssystem(Chen, Zhang, & Phuhongsung, 2021;
44  Wang, Zhang, Bhandari, & Yang, 2018; Yang, Zhang, Bhandari, & Liu, 20d&a3hed potat@_iu,
45 Zhang, Bhandari, & Yang, 2018yround met (Dick, Bhandari, Dong, & Prakash, 2020; Dick,
46 Bhandari, & Prakash, 201.9Dther studés have focused on cerdmlsed food like cookie dough
47  (Pulatsu, Su, Lin, & Lin, 2020pr snack(Derossi, Caprizzi, Oral, & Severini, 2020; Derossi,
48  Caporizzi, Paolillo, & Severini, 2020; Urib&andurraga et al., 2020)
49
50 Wheat flour dougtshown a strong interest 3D food printingbecause of their structuring properties
51 of starch and proteins when usimgthermomechanicareatment A two-step thermomechanical
52 treatmentfirstly allows the hydration of the constituents of the flour during mixing, and then the
53 gelatinization of the starch as well as the denaturation of the proteins occurs during thestexing
54  combined with heatingVlasbernat et al., 2021hese changes make it possible to increase the viscosity
55  of the dough and thus make it printaldfethe field of cereal products, few studies have focused on this
56 type of treatmenthut the results o€hampenois, Rao, & Walker (1998) and Masbernat et al. (2021)
57 demonstrated that hydrothermal transformations of starch and gluten proteins in hydrated doughs made
58 from wheatflour are impacted byvater/flour ratioand process parameters (duration, intensity and
59 temperature). For example, if the amount of water available for starch gelatinization is not sufficient,
60 the dough obtained after the treatment will contain-gelatirized or partially gelatinized starch
61 granules that are more rigidK L J K Htbarr §elatinized starch and could lead to less dough sticky
62 particles. These properties of rigidity and stickiness could thus affect the printing quality of the doughs
63 (Masbernat, 2021
64
65  More complex recipes with the additionsafgar and oil, dairy ingredients, fruits or vegetables paree
66 the wheat flour doughave also been printed and validatedenarelLampron, Masson, Leichtnam, &
67 Blumenthal, 2021; Masbernat, 202However, to diversify the tastes and textures and improve the
68 nutritional intake of thesprintable productsnade from flourit is essential to explore matrices based
69 on other cerealdegumes,or nutsflours for example.Recent publications report on new food inks
70 integrating different flours withnteresting nutritional propertig®.g., glutenfree, richer in fiber or
71  protein) Glutenfree snack bit¢lupine or chickpea flour(Agarwal et al., 2022 high fiber cookig(oat,
72 rye,rice,and catoflour) 3DYLpLUO *UJLUO ,YDQRY 1R protein@nd dietarfber-H J
73  rich snack (wholegrain rye flourLille, Kortekangas, Heinio, & &zer, 2020) glutenfree snack
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74  (wholegrain buckwheat, proso millet, white corn, sweet potato or flaxfkredd SDGRa&a HW DO
75 are some exampleldowever the integratiomf these floursn food inkscan affect printing quality and
76  stability of the printed producEor exampleAgarwal et al. DQG 5D G Rr22dhserized
77 that the print quality of the gluteinee snacks was strongly affected by the partide sf flour (e.qg.
78 coarse filaments with lupiflour compared to smoother filaments with chickpea flolinherefore
79 seems essential to study a formulation and process strategptisatershe printability of edible ink
80  prior to the development of these new 3D printed foods.
81
82  Godoi, Prakash, & Bhanda2()16)define the printability of a food material ltg ability to maintain
83 itsdimensional stability anslupportits own height.Nijdam, LeCorreBordes, Delvart, & Schor2021)
84  summarizedhe quality of a print a@rding to three main factorprinter capability (ex.: force required
85 to extrude food ink and accuracy of the displacement), filament quality ¢heological and
86  microstructural properties of the foank) and dimensional stability (during and after printing). In
87  addition severabprinting (e.g. printing speed, nozzle diameter, layer height, filling rate, fill pattern) and
88 postprocessing parameters (e.g. cooking methods, temperature, and time)tradfepiality and
89  stability of the 3Dprinted productgGuénareLampron et al., 2021; Severini, Azzollini, Albenzio, &
90 Derossi, 2018; Severini, Derossi, & Azzollini, 2016)
91
92 Inthis study,wedeveloped a-3tep approach to answarranain objective, which was know how to
93 ensure good printing quality of dough made from different flevits interesting nutritional qualities
94 by using athermomechanical treatmesitnilar to thaidevelopedy Masbernat et al., (202f0r wheat
95 flour dough The firststepof this study was teonducta bibliographic screening of flouasnd to select
96 five flours according tahreecriteria futritional value, distance to major product region and price)
97 The second stepas to select twdlours from the previous selectioaccording to their printability
98 potential by using an experimental screenirigelaststepwas to optimizend validatehe print quality
99  of thetwo flours that have demonstrated good printability potential dahiegprevious stef he final
100 selection was limited to two flours due to the time requiredoimductthe tests and to validate the
101 potential for opitmization by the process before applying this method to several fleinggly, the aim
102 of our study was to propose a predictive model for each flour to obtain the specific thermomechanical
103 parameters to uder a good printing qualityThe next sectionareorganizedaccordingly taour 3step
104 approach.
105
106 2. Material and Methods

107 Figure 1 presents the general organization of our study from the bibliographic research on 25 flours

108  to the validation of the optimized process parameters for 2 selected flours.
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Fig.1. Experimental scheme of the two screening steps followed by the experimental design and the

final validation of the process parameters studied.
2.1. First <reening of different flours : Bibliographic research

To select the appropriate flours to deluatedthreecriteria were evaluated for 25 flours available in

the market, including 13 cereal flours, 6 legume flours, 3 nut flours, 2 pseudo cereal flours and 1 root
flour. The objective of this screening was to select 5 flours nutritionally liaiarwheat flour which

was used in the reference recipe developelflaybernat, (2021and with various nutritious profile.

To compare th@otental of each flourwe definedthree criteria: nutritional value, distance to major
production regions and price, which helped to evaluate the flours on nutritional, ecological and
economical aspects. Regarding the objective of this study the main criteria used is the nutritional aspec

For equal nutritional qualities, the economic and ecological aspects wilins@&ered
- Definition of the nutritional criteria

Nutritional value information was obtained in Ciqual (ANSES) and FoodData central (USDA) database
A total of 24 criteria wa obtain orprotein, starchfibers ash, mineral ahvitamin content for each
flour. To find the most relevantriteriato select good candidates, we look at the variation between
flours for each nutritionaspecespecially for minerals and vitaminghich were represented by many
micronutrients The coefficient of variation of eacmmicronutrient was calculated by dividing the
standard deviatioby the averagef the value of all the 25 flourg&or example, the average calcium
content for all the flars studied was 57.38 mg, the standard deviation was @2dive obtained a
coefficient of variation (62.41/57.38 x 100) of 108%7 The coefficient of variation was much lower

for other minerals (from 40 to #6). We decided to selectiaronutrients wih a coefficient of variatio
superior of 100%Calcium, viamin E, vitamin K1, vitamin B2 anditamin B9 were thus used in

statistical analysid=rom the criteria selectetljerarchical Agglomerative ClusteringlAC) wasused
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to define clustes: Then,to diversify the nutritious profile oftte 5 flours to be selected, ordpe flour

was chosen in each group of HAC
- Definition of the eological andeconomiccriteria

The flours in the same group of HAC were compared according to ecolagitatonomiccriteria
Firstly, the nearegtroduction aredao Francewas collected from FAOSTAT databafee each flour

This informationallowedus to calculatéhe transport distanc® France, which givean indicator of

the impact of carbon footprint of the trgast. The nearest production area was defined as the country
or region closest to France identified by the orange or dadder code in the international crop
production map of the FAOSTAT database, abhineans that hasmedium to higiproduction of the
corresponding crop. The transport distance thas calculated by measuring the distance from the
selected region to Franc8econdly, according to the main environmental mots of agriculture
mentioned in FAO perspectivésA0, 2003) 4 indicators of LCA(Life Cycle Assessmentyere
collected from Agribalyse® databags flours for which information was availabte evaluate the
environmental imact of the production of plant3he4 indicators wereclimate change (kg of CO2
equivalent releaséky of produc}, eutrophication fresh water (kg of phosphorus equivalent relégsed

of produc}, land use (P&g of produc) and water scarcity (hwater deprivetkg of produc). The PEF
(Praduct Environmental Footprint) score, which gives an overall view of the impact of products on the
environment based on 16 environmental criteria, was also collected from Agribalgssbaselhen,

for an economical point of view, the price of each floaswompareprice/kg).
2.2. Second screeningom anexperimental approach with printing product

As the final objective ito optimize printing qualitywe needd a second screenirtg determine the
two flours having the highest printability potenti&dor the flours selected by the bibliographic

approach, we compat¢he candidateafterthe preparation of the dough and their printing
2.2.1Preparation of the printable dough

The five flours used in this studyere:rye flour (Type 170, Moulins de VersailleErancg, chestnut
flour (Mon fournil, France)soy flour (Alnatura, Germanyypineflour (Moulins de Versailles, France)
and chickpea flour (Mon fournil, Francdjhe printing dough were prepat with one of these flours
andwater.Thewater contentf eachflour (Table ) wasdetermined by weighing the dried matter after
90 min at 130C (Etuve EM10Chopin Technologies, Villeneusda-Garenne, Francdy a reference
method for cerealbasedproducs (NF VO03707).

Table 1L
Water content measured for edldiur.

Flours Rye Chestnut Soy Lupine Chickpea
Water content (% 11.2+0.2 6.7+03 7.4+01 93+01 95%0.1




165 To compare the five flours, each of them was prepared using exactly the same formulation with 65 %
166 (w/w) total water content and the sathermomechanical treatmesgdescribe by GuénardLampron,

167 Masson, Leichtnam, & Blumenthal (2021This thermomechanical process was developed by
168 Masbernat et al.(20219 structure wheat dough by the combination of mixing and heating which led
169 to the formation of swollen gelatinized staugranules in a denatured proteins network. In our stody, t

170 perform the thermomechanical treatmem useda planetary mixer with a leaf device (KSS45 EOB

171 CLASSIC, KitchenAid, USA) for the mechanical treatment (120 rpm, 12 min) and then a multifunction
172  robot (Vorwerk, Thermomix TM6, FR) for the thermomechanical treatment (85 °C, 100 rpm, 15 min).

173 2.2.2.3D-Printing

174 The 3D food printer prototype built by Dagoma (Roubaix, France) and useddyardLampron et

175 al. (2021)was also used in our studihe dough20+ 1 °C)poached in the syringe of the prototype
176 was printed on silicone baking mat. Printing parameters were determined by preliminary tésedand
177  for all printing of this study. We used a nozzle diameter of 3.4 mm, a filling rate of 55 % and a printing
178 speed of 10 mntisto print six cylindrical model (diameter: 3 cm, height: 1.5 cm) for each dough.

179

180 2.2.3Selection criteria

181 The five dough made fran each of the selected flour were compared accordingly to new criteria:
182 firmnessandsensory aspec€visual and textural propertiesj the dough. The nutritional composition
183  of the flours was agaiconsideredo decide between flours with a similar prioitay potential

184

185 - Firmness of the dough

186 A texture analysis of the produced dough was performed as describegkbgrnat (2021The mean

187 force (N) which is an indicator of printability potentiaas measured between 10 and 20 s of the back
188  extrusion method (piston probe with annulus gap of 1.5 mm, crosshead speed of 1mm/s, 30 mm of
189 depth) using a texture analyzd@raHD, Stable Micro Systems, Surrey, UK). Triplicate were realized
190 for eat dough othe second screening.

191 - Sensory aspect of the dough

192 Two experts in our laboratory evaluated visual and textural properties during consumption of the dough.
193 These aspects weimportant to assess consumer appreciation of the selected products during a futur
194  project but also to ensure a good extrusion and printing of the douagting very foamy or grainy

195 textures for example.
196 2.3. Final experimental desigfor the two selected flours with printed and baked praduct

197 Preliminary tests wereonductedo determine the process parameters that can optimize printability of
198 the two selected flourand to define minimum and maximum limits of these parameters. The water

199 content was choose becagsksbernat et al., 202had already denmstrated that the water/flour ratio
6



200 (w/w) had a significant impact on the printing quality of dough made from wheat fraurthe

201 thermomechanical treatment, we had the choice to study the temperatuheratien,or the speed.

202  Duration of the treatmemtaschoserbecause preliminary test demonstrated an impact of this parameter
203 onthe firmness of the dough after the treatment. Temperature and speed of thermomechanical treatment
204 would also be interesting to study in a future project, but it is more esnplcontrol these exact

205 parameters in our multifunction robot (Vorwerk, Thermomix TM6, FR) during the prodéss.

206 minimum and maximum limits of the parameters under study have been determined to obtain an
207  extrudable dough (not too firm) and which cannbaintained during the stacking of the laye$s

208 products were printed and bakaicectly after the printindor each triabf the experimental desigiihe

209 baking parameters were determined by preliminary tests and fixed at 185 = 5 °C during 15 min.
210 2.3.1Analyzesof 3D-printedproduct

211 Sevendependentariables ) were analyzed. One variable the firmnes®f the dough (as described
212  in section 2.2.3), four variables on the-Bbnted product before baking (height, diameter, number of
213 unaligned layers and number of cuts visible in the printed layers) and two on-mén8# product
214  after baking (number alpacing kept on and inside the prodiueg to the filling rate of 55%Yriplicate

215 were realized for the mean force measurement anotiieevariables were measured on the 6 printed

216 products for each trial.

217  For the evaluation of the qualitative charaatiics of the 3Bprintedproducts a ScanCub® and a

218 Canon EOS 750D ® camera were usedtandardizéhe pictures Pictures were taken from different

219 angles to get an overvieof the productTwo qualitative characteristics of the visual aspeefore

220 baking were evaluated from thpicturesobtained the number of unaligned layerstacking of the

221 printedlayers)andthe number of cuts visible in the printed layers (discontinuous printiftgr

222  baking, new pictures were takand the number of spacing kept after bakingand inside the product

223  wereevaluatedFigure 2. The method consists of counting the spacing clearly shown on the surface of

224  the product baked and on at least one of the two sides of the product cut.

225
A NN Y
O vV
226
B)
227

228 Fig. 2. Photos ofbaked productsnade from soylour dough showing?) a product with all spaces
229 retained (TMT of 25 min, water content of 60 %) and B) a product with no space left (TMT of 15 min,
230 water content of 790).



231 2.4, Statistical analysis

232  The experimental design and statistical analysis were performed using JMP software (version 16.0, SAS
233 Institute Inc., Cary, SC, USA). The significant effed®s’( RI WKH LQGHSHQGHQW YDU
234 of the response variable were evaluated byultiple regression analysis and were ranked according to

235 their LogWorth ¢log10({ value)).

236 3. Results and discussion
237
238 3.1. Selection of 5 flours from the first screening

239 The objective of this screening was to select 5 flours nutritionally better than wheat flour which was
240 used in the reference recipe developed/lagbernat, (2021 he resultof the PCA Figure 3 shows

241 7 groups of flourslassified by the HAC analysis according to the distance between them, which means,
242  the similarity of their nutritional compositio€omponents 1 and 2 of the PCA expl@inh2 % of the

243 total varianceMost of the variance was explained by component 1 (64.1 %) and was related to all
244  nutritional variablesstudied. Fiber and vitamins also contributed the variance explained by

245 component 2 (13.1 %Flours on the left of the plane are high in starch, while tlosthe right are

246 lower in starch and high in ash, protein, and fiber, especially those on the bottom right, such as flours
247  of almond, lupine and rye T170. For vitamins and minerals, flours relatively rich in vitamins K1, B2
248 and B9 are distributed in theper right part (typically soy flour), and flours containing more calcium

249 and vitamin E than the others are drawn to the right and down.

250 Thefirst groupon the left of the planacluding maize, rice, sorghum, oat, rye T85, rye T130, spelt,
251 barley, millet buckwheat was eliminatdibcause wheat T55, T110 and T150 were in this same group
252  which meant that the nutritional composition of these flours and thethedit flours was simildrased

253 on our criteriaRegarding the groupontaining chestnut, quinoa asdeet potatdlours, the selection

254  was basedn the transport distandgecause the price was similar for these three flours and the LCA
255 data was only available for the chestfotir (Table 9. The regions producing quinoBlgrth America,

256 Peru) and swegbtato Spain, Italy arenot inFrance, while chestnuts are relatively abundant in France
257 (8860 tons produced in 2020) compared to the other two ¢Fas, 2022; Ruiz et al., 2014More

258 transportation would be nessary to supply thefleurs (quinoa:6000 km andweet potato: 100Km),

259 so they have been eliminatétable J. For the next group including chickpea, pea, peanut, blond and
260 green lentil, thpeanut was eliminated due to its high transport distance (2000 keEhickpea flour

261 was ®lected for its lower cost compared to other flours in this gemgwasalso approved by its
262 relatively low PEF score (0.15) among the 25 flours, even if the data of other flours in the same group
263 ZDV QW DFnhally,ahb &addlour wasrejecteddue to its higtprice and thelupine, rye TL70

264  and soy flouwereselected rainly dueto their nutritional compositiorRegarding the environmental
265  criteria, rye flour T170 obtains a relatively low PEF sd@.&3)and LCA criteria among all the flours

266 studied, whie soy flour was stilselecteddespite itdhigherimpact on the environmeriEnvironmental

8



267
268
269
270
271

criteria were not available for lupine flou€onsideringall these criteria, soya, lupine, chickpea,
chestnut and rye T170 were chosaainly because fotheir appreciated nutritional profile and the
absence of transport or price issues. This selection contained 3 Idlgumse (soya, lupine and
chickpea), 1 cereal flour (rye) and 1 nut flour (chestnut), which also allowed a diversification of the
type ofthe plants chosen
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277 Table 2

278 Comparison of eological andeconomiccriteriaof 25 flours available in the markigt France

'I_'ransport Price PEF Climate change Eutrophication Land use Water sparcity
Flour distanceo v, NJ (mPt/kg of (kg COZ2 eq/kg of freshwater (Pt/kg of (m3 depriv./kg of
France(km) product) product) (kg P eg/kg of product) product) product)
Almond 0 2855 NA NA NA NA NA
Barley 0 2.2 0.17 0.9 0.26 12212 155
Blond lentil 0 10.5 NA NA NA NA NA
Buckwheat 0 3.93 0.16 0.88 0.38 1493 2.46
Chestnut 0 13.86 0.58 2.29 0.61 8.48 2961
Chickpea 1000 4.99 0.15 0.8 0.46 19809 1.25
Green lentil 0 8 NA NA NA NA NA
Lupine 0 5.22 NA NA NA NA NA
Maize 0 214 0.17 0.59 0.36 1491 5.81
Millet 0 5.88 0.18 1.04 0.28 12463 161
Oat 0 4.2 NA NA NA NA NA
Pea 0 6.8 NA NA NA NA NA
Peanut 2000 10 NA NA NA NA NA
Quinoa 6000 9.975 NA NA NA NA NA
Rice 0 4.5 0.37 242 0.43 11723 16.46
Rye T130 0 342 0.13 0.8 0.26 53.27 0.46
Rye T170 0 3.35 0.13 0.8 0.26 53.27 0.46
Rye T85 0 2.99 0.13 0.8 0.26 53.27 0.46
Sorghum 0 4.08 NA NA NA NA NA
Soya 0 5.6 0.25 4.47 0.56 21668 0.47
Spelt 500 2.88 0.16 0.88 0.38 1493 2.46
Sweet potato 1000 12 NA NA NA NA NA
Wheat T110 0 1.08 0.09 0.51 0.15 80.99 0.3
Wheat T150 0 1.83 0.09 0.51 0.15 80.99 0.3
Wheat T55 0 0.99 0.09 0.51 0.15 80.99 0.3

279 NA: PEF score andCA data not available for almond, blond lentil, green lentil, lupine, oat, pea, peanut, goirgtayumand sweet potato flours.
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3.2. Selection of 2 flours from the second screening

The objective of this second screening was to select only two flours from the previous sétection
implement a print quality optimization strategyable 3shows the three main nutritional criteria
considered for this second screening, the visual asfiectemch treatment, the metorce, and the

main negative sensory aspect of doughs after thermomechanical treatment.

As GuénardLampron et al(2021) demonstrated with 3printed food product based on wheat flour

that maximum force between 23 to 37 N allowed a good printing quality, it is clear based on the mean
force of each dough that lupine (18.1 N) and rye (13.8 N) flour dough had a betiahifityrpotential

then chestnut (3.5 N), soy (5.2 N) and chickpea (1.6 N). However, the lupine flour dough showed the
most important negative sensory aspect with a very pronounced bitterness (higher than for chickpea and
chestnut) and a very unpleasanhdatexture in the mouth. This texture could be explain by the
presence of bigger particle size in lupine flour which impact negatively printing qifeditywal et al.,

2022 and sensory properties of fofdllarino, Jayasena, Coorey, Chakrab#déll, & Johnson, 2015

These reasons as well as the fact that rye flour have the highest fiber content (23.8 %) exphains why
decided to keep rye flour and to eliminate lupine flour. The chickpea flour seemed to have good
potential in terms of physiechemical and sensory properties as demonstratédifxyrro, Albanell,

Aguilar, Guamis, & Capellas (201during the preparation of proofed batteotain gluterfree bread.
Nevertheless, in our study the chickpea flour dough was immediately rejeeted its bitterness and

its very low firmness and foantgxture thatire not compatible with a precise and smooth printing. The
important foaming capty and stability of the chickpea flour has already been demonstraié&atiby,

Yadav, & Dhull (2012jand could be due to its high protein content. The firmness of the chickpea flour
dough coulde increased by combining chickpea flour with another protein source such as a pea protein
isolate and the foamy texture could be decreased by avoiding mechanical processing as proposed by
Agarwal et al. (2022)Findly, we had to choose between chestnut and soy flour. We selected the soy
flour because its dough had a slightly higher firmness than that made from chestnut, did not present a
negative sensorgspectand had a higher protein content (35.8 % comparatteeby7 % for chestnut

flour). The low firmness of the chestnut may be surprising since this flour has a high starch content
(46.9 %) but this is still lower than that for wheat flour T55 (69.3 %). It would be interesting to learn
more about the behaviof e chestnut flour in a future 3D printing project since this flour demonstrates
strong potential as novel ingredient in cereal prod(&ts®uch, Sfayhi, Doggui, & Debbabi, 2022;
'DOOT$SVWD)HW DO
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312 Table 3
313 Comparison of the 5 flours selected for the second screening after mechanical and thermomtehamieats.

Rye (T170) Chestnut Soy Lupine Chickpea
Protein (%) 15.9 5.7 35.8 36.2 22.4
Starch (%) 18.7 46.9 5.4 2.6 25.3

Fiber (%) 23.8 126 10.8

Mechanical
treatment

Therme
mechanical
treatment

Mean force
(N)

Negative . :
sensory Bitter (+) B'tt;;rsgﬁ) B'Eg;r(;Jr)
aspect y y

314 7KH LQWHQVLW\ RI WKH QHJDWLYH VHQVRU\ DVSHFW SHUFHLYHG LV UHSUHVHQWHG E\ WKH V\P

13.8 +0.7 . . . . 18.1+0.2

315
316
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333
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335
336
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338

339
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341
342

3.3. Generation otlifferent dougk from the 2 selected flours

The objective of this last step was to optimize the print quality of the soy and rye flours that have
demonstrated good printability potential during the previous Steple 4shows thetwo Central
compositedesigrs of 10 trials determined for each floothewater contenvariedfrom 58 to 72 % for

soy and rye flour and the duration of the thermomechanical treatment was studied from 13 to 27 min
for soy flour and from 8 to 22 min for rye flodrhese experin@al designs were realized to propose a
predictive model for each flour and to obtain the specific thermomechanical parameters to use for a
good printing quality.

Table 4
Experimental design of 10 trials for A) soy and B) rye flour

Water  Thermomechanica B) Water  Thermomechanica
Trial content treatment Trial content treatment
(%) (min) (%) (min)

1 70 15 1 60 10
2 72 20 2 72 15
3 65 20 3 65 22
4 65 13 4 58 13
5 70 25 5 65 15
6 65 27 6 70 20
7 60 15 7 65 15
8 58 20 8 65 8

9 65 20 9 60 20
10 60 25 10 70 10

Table 5 and 6 shows respectively the evolution of rye and soy dough after the thermomechanical
treatmen{visual observation and mean force measuaad))then after printing and baking for each of
the 10 trials.

The pictures after the thermomechanical treatment and the mean force (N) of the dough clearly show
the broad rangef dough texture obtained for each of the experimental flaa differences ofnean
forcebetween each trial were significat € 0.05)andranges from 1.5 to 31.5 fér rye flourdough

and from < 1(force not detectedp 36.6 Nfor soy flourdough

All the othervariables studiegheight, diameter, number of unaligned layers and number of spacing
kept after baking on and inside the prinpedduct)also demonstrated significant differen¢es 0.05)
between the trialexcept fothe number of cuts visible in the printed layers of@@ihted productThis

variablewasnot consideredor the following analyses.

Thepostprint pictures provid D TXLFN YLHZ RI SULQW TXDOLW\ DQG WKH GR
of the top layersThese pictures show that most of the trials allowed obtaining an acceptable stacking
of the printed layerexcept forthe following trials: 65 % 8 min and 70 % 10 mn for rye flour dough

and 72 % 20 min for soy flour doughlhe mean force could explain these results since these trials

14
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344
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346
347
348
349
350
351
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355
356

357
358

359
360
361
362
363
364
365
366
367
368
369
370

371

represent the weakest forces obtained within each of the experimentaHadamver, the stacking was
clearly not grfect forall theothertrials,and we cambservahatgenerallythe printing quality increase

with higher mean force of the dough

The pictures after baking show the ability of the paste to maintain the shape of the printed model under
the effect obbvenheat(15 min at 185 °C)For each of the experimental plans, ahieetrials obtained

a final 3Dprinted prodict similar to the printmodel:trials 60 %- 10 min, 58 % 13 min, 60 % 20

min for rye flour dough and trials 60 %45 min, 58 % 20 min, 60 % 25 min for soy flour dough.

The 3Dprinted products obtained with these process parameters clearly show the cylindrical shape of
the model (without sagging) as well as the space between the printing lines on the surface of the product.
For the other tris, a deformation (spreading of the dough) of the products is obs@wedll, doughs

with higher water content seems to spread out more during ba#{srdemonstrated biylasbernat et

al. (2@1) for wheat flour doughthe water/flour ratias a crucial parameter to control the rheological
properties of the dough as well as their printability. Our results confirm that this water/flour ratio is also

important when preparing dough made from rye or soy flour.

3.3.1lmpact of the process parametarsl their interactions on print quality and stability of
3D-printed products.

Figure 4shows results of principal component analysis (PCA) performed to present a maprofted
products from rye (Fig.3a) and soy (Fig.3b) flour depending on their praiityjand the stability of

the model after printing and baking (principal variables) and the process parameters (explanatory
variables). The PCA shows that composenand 2 explain 79 % for rye flour products andl33

for soy flour products of the talt variance. For each PCA, the component 1 explained the majority
(54% for rye flour and 62.5% for soy flour products) of the variables related to the quality and stability
(number of unaligned layers, number of spacing kept and mean force) of the prodetland was
associated to the water contefitlower water content is associated with a higher mean force and a
better stability of the 3D printed model (better preservation of spaces between printing lines and better
stacking).The dimensional profiledfameter and height) of 3printed products was supported by
component 2 (25% for rye flour and 25.6% for soy flour produgtd)igher diameter means that the

product has collapsed and is therefore negatively correlated with the height of the product.
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373

374

Table 5

Impact ofwatercontent(%) and time of thermomechanical treatm€RIT) on mean force (N) ofye

flour doughand on the visual observations affédT, printing, and baking (15 min, 186}.

Water (%) | TMT (min) Meanforce (N) Printing
60 10 18.4+ 0.5
72 15 3.9+0.2
65 22 109+ 0.2
58 13 315+05
65 15 171+19
70 20 57+0.1
65 15 12.0x 0.5
65 8 35102
60 20 229+11
70 10 15+£01

Baking

16




375 Table 6
376 Impact of water content (%) and time of tm®mechanical treatment (TMT) on mean force (N) of
377  soy flour dough and on the visual observations aéT, printing, and baking (15 min, 185°C)

Water(%) TMT (min) T™MT Mean force (N) Printing Baking
70 15 24+0.2
72 20 <1l*

65 20 58+0.2
65 13 49+0.2
70 25 3.1+0.2
65 27 11.0+0.3
60 15 23.2 £0.2
58 20 36.6 £ 0.8
65 20 9.4+0.6
60 25 31.1+0.6

378  * Forcebelowthedetection levebf the texture analyzék 1 N).
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Water content and thermomechanical treatment had a significant infpdct ( RQ DOO GHSHQG
variables except on the number of cuts visible in the printed lager®©(1 for rye flour products and

P =0.4 for soy flour products) which was not included in the subsequent statistical arialgse#ion,

water content had a lowervalue (LogWorth = 18.356 for rye flour product and 21.813 for soy flour
product) than that thermomechanical treatment (Logle 2.560 for rye flour product and 3.641 for

soy flour product) which indicasethe higher importance of the total water contenthe
thermomechanical treatment does not seem to explain the differences in quality and stability of 3D
printed products foboth flours Fig. 4). However, the study of the interactions between the water
content and the thermomechanical treatment demonstrates the importance of considering these two
process parameters simultaneously. The interaction between these parametesigifidant impact

P on diameter (for both flours), height (only for rye flour), mean force and spacing after baking
inside the 3Bprinted product (only for soy flourfigure 5 showsthe impact of this interaction on
diameter(target of 3 cmpnd height(target of 1.5 cmjor 3D-printed product made from rye flour.

When the water content is highergb %), the duration of the thermomechanical treatment has a greater
impact on the diameter and height of the 3D printed mdédido short treatmer(~ 8 min) will lead to

a more collapsed product (larger diameter and smaller heilghtle a too longreatment(~ 22 min)

will lead to a more compact product (narrower diameter) but with a good hemghthe soy flour
products, a similainteractionon diameter wasbservedFigure 6shows the significant interactions

P EHWZHHQ SURFHVYV SDUDPHWHUYV RQ PHDQ IRUFH PHDVXL
baking inside the soy flour producEor recipes with a water content of less thafo/@e observe an

impact of the duration of the thermomechanical treatment on these varkdnesxample, a longer
treatment (~ 27in) always allows a better preservation of the spaces between the printing lines as well
as a higher mean forc€hese resudt suggest that a longer thermomechanical treatment would allow

better print quality, but that this effect is limited when the water content becomes higher (nearly 70%).

Ourresultsalsodemonstrated that the print quality and stability of@@ihted products made from rye

or soy flourscould be controlled by the simultaneous adjustment of the water content and the duration

of the thermomechanical treatmehhe importance of these paramt on the rheological properties

(9. YLVFRVLW\ *1 DQG HODVWLFLW\ RQ KLJKO\ K\GUDWHG GRXJK
wheat flour has already been demonstrated and was mainly explained by hydrothermal transformations

of starch and gluteproteins(Champenois et al., 1998; Masberagal., 2021.)However, in oustudy,

we can suppose that other transformations occurs in the proteins network sirseeiwye flour (which

contains lower starch and gluten then wheat flour) and soy flour (ighithterfree ancdcontainsvery

little starch). Grossmann & Koehler2016)also suggestethat nongluten proteins would be more

involved in rye protein functionalities and technological properties of rye flour théengproteins.
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A)

413

B)

414

415  Fig. 4. Principal component analysis (PCA map and correlation circle) gir8ided products obtained

416 from (A) rye flour dough and (B) soy flour dough. Each triatientified by the process parameters of

417 the experimental plan (water content (%), thermomechanical treatment (min)). Principal variables (red
418 lines) were mean force (Nhieight (mm), diameter (m), number of unaligned layeasid number of

419 spacing kept after bakinfpn surfaceand inside the printed prodictExplanatory variables were

420 procesgparameters (blue dashed lines).
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421

422 Fig. 5. Significant interactions R ” EHWZHHQ SURFHVV SDUDPHWHUV
423 thermomechanical treatment) on diameter (A) and on height (B) gifr8iend products made from
424  rye flour.

425

426

427 Fig. 6. Significant interactions § " EHWZHHQ SURFHVV SkiDRHWHUV
428 thermomechanical treatment) on mean force meagemhd on number of spacing kept after baking
429 inside the product (Bpor soy flour dough.

430
431 3.3.2Reverseengineering approadb optimize thermomechanical process of rye and soy
432 dough

433 In order to optimize therint quality of the rye and soy dough reverseengineering approach was
434  applied using the desirability functi@sused by(Monnet et al., 2021 his method models the results
435  of the experimental design and optimizes the different input variables (in our case the water content and

436 the thermomechmacal treatment time) bgonsideringhe performance of all output variables.

437  Figure7 shows the desirability function of the T170 rye flour recipes. Different optimizédigets
438 were selectetbr eachtexturaland visuakcharacteristicWe chosea meanforce of 20N (= 5 N) based
439 on ourobservabns duringthetrials of the experimental desighor example, during the TMT of the
440 rye flour dough with a water content of 58 % and a duration of TMT of 13 tigheer resistance of
441  the dough during the mixgnand ablockage of the bladesereobserved possibly related to a too firm
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(mean force of 31.5 N after TMTQr sticky dough.Further characterization of the textural and
rheolagical properties of this dougkould be necessaryhis targeted mean for@lowsus to obtain

a repeatable and homogeneous treatment without the blockage of the Btadés. diameter, 8m

was targeted because it corresponds to the value of the model, and that a too small diameter may mean
a nonoptimal print quality and a tooigh diameter means a too liquid doutffat does not hold the
shape.The height of the 3fprinted product wasnaximizedbecause although the model targeted a
height of 1.5 cm, it was not a disadvantage to have a slight swelling durimg b8lke most impdant

wasto avoid beingunderthis value which would rather indicate a sagging of the product due to a bad
hold of the doughFor theothersvisual characteristics, we chose to minimize the numbenaligned

layers and maximizthe number ofV S D F ké&ptldh\the surface and inside the product after baking to

get closer to th&D-model. Optimizing all these outputs results in a desirability of 2 @hen the

water contentof the doughs 60.3% and the TMT is 22.inin. We also observed d%peak forthe

duration of the thermomechanical treatment at about 11 min, but the selection of this value leads to a
lower desirability (626). For soyflour dough we only modified the targetadean forceand chose to
maximize this variabldecausealuring the triad of the experimental design wiéd notobserve any
problem during the thermomechanical treatment or during the printing for high value of firmpess (

to 36.6 N).The optimized recipe reachedlasirability of 83.7 % with 59.%6 of water in the dough

anda TMT of27.2 min (Figure 9.

For each flourthe results oF-test andR? obtained for each variable measured are presenteabile

7 and8. This additional information shows a significant effept { Rl DOO WKH UHVSRQVH
For rye and soflour products, digherF-value(159.86 and 439.83 respectivefgy themean force

was observed indicating greater differences between the toiatthis variable. For each floug

variables reached a higf YDOXH RKariedHbeiweer®.39 and 0.70 for thether

variables. hese results also explain wthe desirability of each flous not higher.

These parameters obtained with the reversgineering métod show that for sognd rye flour, less

water and more time of thermomechanical treatment are needed to obtain an ideal product compared to
wheat flour(15 min and 65 % of water conteffjuénarelLampronet al., 2021; Masbernat et al., 2021)

This can be explained by the difference in the starch content of these flours: wheat flour contains more
starch and needs sufficient hydration during the thermomechanical treatment to allow swelling and
gelatinizdion of the starch granules, which leads to an increase in vis¢Bsityblier, 1990) Also,
Grossmann & Koehler(2016) demonstrated that the presence ofcoastituents in the rye flour
increase the temperature of the starch gelatinization which is in agreement with the longer
thermomechanal treatment needed to optimize the printability of our rye flour dodgkever, the

two peaks of desirability depending on the TMT for rye flate more difficult to explainThe quite
differentcompositions in terms of protein and fiber could pogdéad to a different network formation
mechanism. Future studies will be necessary to better understand how these new printable doughs are

structured (rheological and microstructural properties) following the thermomechanical treatment.
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479

480 Fig. 7. Maximization of desirability b obtaina good printing qualityf rye flour doughand a stable

481 and cmsistent 3D model after baking
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482

483  Fig. 8. Maximizationof desirability to obtain a good pting quality of soy flour doughnd a consistent
484 3D modelafter baking
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485 Table7

486 Results of the-test andR? for each variable measured on-Bbnted product made fronye flour

487  dough.
F-test
(DF: 5, 29 R
F = 159.86
Mean force (N) D>F " 0.97
Number of unaligned layers pE; 5,3,.74 0.44
Height (cm) , . 6.93 0.59
Diameter (cm) 0 >FF: ,?"70 0.49
Number of spacing kept after baking on product 0 >FF: ,,27'90 0.85
Number of spacing kept after baking inside prodt D >FF: ?'69 0.54
488
489 Table8
490 Results of ther-test andR? for each variable measured on-Bbnted product made from rye flour
491 dough.
F-test
(DF = 5 22 R
F =439.83
Mean force (N) D>F " 0.99
Number of unaligned layers ; E ; %.82 0.39
: F=10.19
Height (cm) D>F 7 0.70
. F=8.12
Diameter (cm) 0>F " 0.65
Number of spacing kept after baking on product D >FF:,,9'42 0.69
Number of spacing kept after baking inside prodt D >FF= ?9'13 0.96
492
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3.3.3Validationof the optimized thermomechanical process parameters

The recipes optimized by the reversggineering approach needed validation. Thus, two samples were
made with soy flour and rye flour respectively with the optimized paramé&ters¢ 9. We were able

to confirm that these recipes are indeed optimal in terms of print quality before and afterblyakiag
visual observations and tlidgmensional measuremer{tgeight 1.5 £ 0.1 cmand diameter3.0 = 0.1
cm)of the 3Dprinted productsThe mean force obtained was 35.9+ 1.7 N and 21.3 + 0.6 N respectively
for soy and rye flour dough and allowed a good printing quality. However, for soy flour dough it was
observed that the firmness of the dough should not be higher for the 3D printéygeraised in this
study because the extrusion was sometimes more difficult (requires a lot of force to extrude the dough
through the nozzle).able 9and10 show the comparison between the output average of the optimized
products obtained from rye and sfbyurs and the confidence interval of the desirability function. All
the outputs are ithe confidence interval excetbie number of spacing kept after baking on product for
rye flour (3.83 for the optimized products while [1.13, 2.81] for the confideterral) and the number

of spacing kept after baking inside product for soy flour (4 for the optimized products while [4.48, 5.8]
for the confidence intervalHowever, with our 3D print model, the maximum number of spaces
generated by the printer is 4daeise of the size of the model (diameter of 3 cm), the nozzle diameter
(3.4 mm) and the filling rate (55 %)Ve can consider these values (3.83 and 4) as well optimihese
resultsshows that the outputs of the optimized products obtained are congigtetite desirability

model.

The reversengineering method is appreciated when we deal with new printable recipes using flours
less studied than wheat flour. Soy and rye flours lgante differentand littleknown characteristics in

terms of water absption, printability potential or deformation of the dough during baking, for example.

The reversengineering method associated with a design of experiments makes it possible to model
these characteristics with a limited number of experimentssideringseveral parameters at the same

time. Once the model is established, the characteristics included in this model can be predicted and the
ideal conditions can be determined according to the desired results, without the need to proceed with a
trial-anderrorapproach or tevaluatehese specific conditions. For the optimization of other flours, it
would be necessary to start with the-fests to define the limits of the parameters to be varied, but this

approach remains applicable even for flours or recipfssmore complex properties.
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A) B)

C) D)

Fig. 9. Photos of optimal recipes with nfour before (A) ad after (B) baking and with sdipur before
(C) and after (D) baking.

Table 9
Comparison between the output average obfitamized products obtained from rye flour
and the confidence interval of the desirability function.

Lower bound of the Output average of the Upper bound of the
confidence interval  optimized products  confidence interval

Mean force (N) 17.98 21.28 22.81
Number of unaligned -0.54 067 3.07
layers

Height (cm) 1.19 1.50 1.62

Diameter (cm) 2.72 2.95 3.47

Number c_Jf spacing kept 113 3.83 281
after baking on product

Number of spacing kept 0.33 067 1.04

after baking inside produr
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Table 10
Comparison between the output average of the optimized products obtained from soy flour
and the confidence interval of the desirability function.

Lower bound of the Output average of the Upper bound of the
confidence interval  optimized products  confidencenterval

Mean force (N) 34.81 35.95 39.61
Number of unaligned
layers -0.25 3.50 3.7
Height (cm) 1.25 1.67 1.86
Diameter (cm) 2.79 3.08 3.31
Number (_Jf spacing kept 2 o5 3.83 6.08
after baking on product
Number of spacing kept 4.48 4.00 5 80

after baking insid@roduct

4. Conclusions

Thanks to our 3teps approach including two screening steps (from a bibliographic study to an
experimental strategy) and one optimization step based on experimental designs and reverse
engineering method, we were aliie propose two new edible iskwith interesting nutritional

composition and good print quality.

Regarding théibliographic study on the 25 floursur main criteria was the nutritional aspect. The
protein and fiber contents were considered as a factbageify the different flours. This classification
could be further developed in future studies by including more indicators related to protein quality such
as the content of essential amino acids, digestibility and bioavailability of proteins as didoysse
Floret, Monnet, Micard, Walrand, & Michon (202 Biber quality could also be represented with the
content of different fiber types such as dietary fiber and FODMARBser, Sahin, Gallagher, Zannini,

& Arendt, 202). Economic and environmental criteria were aleasideredor the selection of flours.
However,it was difficult to select the flours according to their environmental criteria (PEF score and
LCA data) since these were not available for all the flours stuidiégture studieghese criteria should

still be consideredvhen formulating new innovativ@D printed foods to offer a more sustainable diet.

Regarding the printability,oy and rye flour dough showed a good potential for 3D printing and the
reverseengineering approach allowed to optimize the water content and the duration of the
thermomechaial treatment for each flour to obtain a good printing quality. The water content
explained the main problems in terms of printing quality and stability of the products. A similar water
content was obtained for the optimization of both flour dough (60r%y®flour and 59 % for soy

flour). However, interactias were observed between the process parameters studied indicating that

it is necessary to adjust simultaneously the water content and the duration of the thermomechanical

treatment. A longer tréiment was needed to optimize printing quality and stability of soy flour dough
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(27 min) compared to rye flour dough (22 min). This reversgineering approach was therefore
conclusive in determining ¢hspecific parameters to be dee the preparation adhese two printable

doughsand would be relevant to use for the development of new printable matrices from other flours.

In future researchadditional instrumental measurementsg(, rheological, and microstructural
properties) would be necessary tottbe understand the structuring of dough following
thermomechanical treatmefthe usefulness of this treatment would also be questionable when using
low-starch flour since this treatmentiasedn the structuring of the dough by the gelatinization ef th
starch.A sensory characterization and a consumer study should also be realizedpant8® and

baked product.
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