
 

 
 

 
 

warwick.ac.uk/lib-publications 
 

 
 
 
 
Manuscript version: Author’s Accepted Manuscript 
The version presented in WRAP is the author’s accepted manuscript and may differ from the 
published version or Version of Record. 
 
Persistent WRAP URL: 
http://wrap.warwick.ac.uk/108617                            
 
How to cite: 
Please refer to published version for the most recent bibliographic citation information.  
If a published version is known of, the repository item page linked to above, will contain 
details on accessing it. 
 
Copyright and reuse: 
The Warwick Research Archive Portal (WRAP) makes this work by researchers of the 
University of Warwick available open access under the following conditions. 
 
© 2018 Elsevier. Licensed under the Creative Commons Attribution-NonCommercial-
NoDerivatives 4.0 International http://creativecommons.org/licenses/by-nc-nd/4.0/. 
 

 
 
Publisher’s statement: 
Please refer to the repository item page, publisher’s statement section, for further 
information. 
 
For more information, please contact the WRAP Team at: wrap@warwick.ac.uk. 
 

http://go.warwick.ac.uk/lib-publications
http://go.warwick.ac.uk/lib-publications
http://wrap.warwick.ac.uk/108617
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:wrap@warwick.ac.uk


Accepted Manuscript

Effect of rheological properties of potato, rice and corn starches on their hot-extrusion
3D printing behaviors

Huan Chen, Fengwei Xie, Ling Chen, Bo Zheng

PII: S0260-8774(18)30399-6

DOI: 10.1016/j.jfoodeng.2018.09.011

Reference: JFOE 9398

To appear in: Journal of Food Engineering

Received Date: 9 July 2018

Revised Date: 10 September 2018

Accepted Date: 12 September 2018

Please cite this article as: Chen, H., Xie, F., Chen, L., Zheng, B., Effect of rheological properties of
potato, rice and corn starches on their hot-extrusion 3D printing behaviors, Journal of Food Engineering
(2018), doi: https://doi.org/10.1016/j.jfoodeng.2018.09.011.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to
our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.

https://doi.org/10.1016/j.jfoodeng.2018.09.011


M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

1 

Effect of rheological properties of potato, rice and corn starches on their 1 

hot-extrusion 3D printing behaviors 2 

Running title：Hot-extrusion 3D printing behaviors of different starches 3 

 4 

Huan Chen a, Fengwei Xie b,c, Ling Chen a*, Bo Zheng a* 5 

 6 

a Ministry of Education Engineering Research Center of Starch & Protein Processing, Guangdong 7 

Province Key Laboratory for Green Processing of Natural Products and Product Safety, School of 8 

Food Science and Engineering, South China University of Technology, Guangzhou 510640, China 9 

b Institute of Advanced Study, University of Warwick, Coventry CV4 7HS, United Kingdom 10 

c International Institute of Nanocomposites Manufacturing, WMG, University of Warwick, Coventry 11 

CV4 7AL, United Kingdom 12 

 13 

*Corresponding author. 14 

Email addresses: felchen@scut.edu.cn, zhengbo0522@126.com; Tel: +86 20 8711 3252 15 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

2 

Abstract: 16 

In this study, the relationship between rheological properties and printability of three types of starch 17 

(potato, rice and corn starch) for hot-extrusion 3D printing (HE-3DP) were systematically 18 

investigated. Each starch sample showed a shear-thinning behavior, self-supporting property, as well 19 

as the feature of a substantial decrease at higher strains and a recovery at lower strains in storage 20 

modulus (G'), which indicated the suitability of starch for HE-3DP. Besides, the flow stress (τf), yield 21 

stress (τy), and G' increased with a higher starch concentration. We found that starch suspensions 22 

with concentrations of 15-25 % (w/w) heated to 70-85 °C possessed preferable values of τf (140-722 23 

Pa), τy (32-455 Pa), and G' (1150-6909 Pa) for HE-3DP, which endowed them with excellent 24 

extrusion processability and sufficient mechanical integrity to achieve high resolutions (0.804-1.024 25 

mm line width). Overall, our results provided useful information to produce individualized 26 

starch-based food by HE-3DP. 27 

Keywords: 28 

Hot-extrusion 3D printing; Rheological property; Printing behavior; Potato starch; Rice starch; Corn 29 

starch 30 

Chemical compounds studied in this article 31 

Starch (PubChem CID: 24836924); Sodium hydroxide (PubChem CID: 14798); Water (PubChem 32 

CID: 962); Ethanol (PubChem CID: 702); Acetic acid (PubChem CID: 176); Iodine (PubChem CID: 33 

807); Potassium iodine (PubChem CID: 4875)34 
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Abbreviations 35 

HE-3DP hot-extrusion 3D printing 36 

G' storage modulus 37 

G'' loss modulus 38 

tan δ loss tangent 39 

τf  flow stress 40 

τy yield stress 41 

RS rice starch 42 

PS potato starch 43 

CS corn starch 44 
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1. Introduction 45 

Emphasis has been placed on the diversification and personalization of food to meet the special 46 

demands of particular groups of consumers such as the elderly, children and athletes. Given this, 3D 47 

printing technologies have been introduced and adapted to meet the demand of food design and 48 

related food materials processing. Food 3D printing, also known as food layered manufacturing 49 

(Wegrzyn et al., 2012; Yang et al., 2017), is capable of eliminating the requirement of particularly 50 

shaped molds and potentially offers a much wider design space beyond unusual shaping (Kokkinis et 51 

al., 2015). Moreover, 3D printing technology can also revolutionize food manufacturing by the 52 

ability to fabricate 3D constructs with complex geometries, elaborated textures, and tailored 53 

nutritional contents (Sun et al., 2015). Among all food 3D printing technologies, extrusion 3D 54 

printing, especially hot-extrusion 3D printing (HE-3DP), has drawn much attention due to its ability 55 

to deposit ingredients to solid geometries (Long et al., 2017). HE-3DP involves extruding a molten 56 

or semi-solid material through a small-diameter nozzle moving along the X- and Y-directions, and 57 

the printing platform moves down in the Z-direction for the deposition of the next layer (Jafari et al., 58 

2000). 59 

A series of preferable properties of printing media for HE-3DP includes the ease of loading into 60 

the printer syringe and extruding from its fine nozzle, the sufficient mechanical integrity of printed 61 

threads to support stacked layers without printing defects such as buckling and sagging, and the high 62 

stability of threads after their deposits to ensure a good resolution of the printed object. All of these 63 

properties can be well reflected by the rheological behaviors of printing media. Specifically, the 64 
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printing media should be shear-thinning and with suitable flow stress to be easily extruded from the 65 

fine nozzle (Duoss et al., 2014; Le Tohic et al., 2018). Furthermore, the printing media should be not 66 

only viscoelastic but also elasticity-dominant (tan δ<1), and have high yield stress to avoid the 67 

inconsistent printing from broken threads. More importantly, the media should present a rapid and 68 

reversible modulus response to shear stress to ensure a good resolution of printed objects (Zhang et 69 

al., 2015). Given this, the rheological properties of printing media are critical for their HE-3DP 70 

(Hong et al., 2015; Liu et al., 2018).  71 

Starch, as one of the most important carbohydrates in human diets, has been extensively used in 72 

food applications to improve the process convenience and the quality of final products (Zheng et al., 73 

2018). In food systems, starch often undergoes gelatinization during cooking. During this process, 74 

starch granules swell extensively with the resultant disrupted crystalline structure. Meanwhile, 75 

amylose molecules diffuse out from the swollen granules (Wang et al., 2018). As a result, starch 76 

pastes can be regarded as a continuous matrix of entangled amylose molecules reinforced by 77 

embedded swollen granules (Ring, 1985). This particular structural feature endows the gelatinized 78 

starch paste with viscoelasticity, which shows a shear-thinning behavior and instant responses to the 79 

applied shear strains (Evans and Haisman, 1980). Regarding this, starch shows high potential for 80 

HE-3DP. 81 

Despite the huge advantages of HE-3DP technology, research in food printing has just been 82 

started. Various food materials have been used to print a complex structure, such as chocolates 83 

(Lanaro et al., 2017), confections (Hao et al., 2010), proteins, meat purees, and other nutrients 84 

(Cohen et al., 2009; Lipton et al., 2010; Serizawa et al., 2014). These printable food materials either 85 
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are based on its own thermal characteristics (typically, melting upon heating and solidification on 86 

cooling) or need further modification to acquire printability. There is limited data about the 3D 87 

printing of grain-based food, which highly hampers the application of 3D printing in the production 88 

of next-generation daily dietary food since the major ingredients of most snack foods are grain-based. 89 

Only a few studies have concerned 3D printed grain-based products based on, for instance, mashed 90 

potato products with different contents of potato starch (Liu et al., 2018). Also, potato starch was 91 

reported to adjust the rheological properties of lemon juice gels in order to develop new 3D printed 92 

food constructs in lemon juice gel systems (Yang et al., 2018). Still, this field is in its infancy and the 93 

improvement of the currently developed systems is urgently needed. Therefore, motivated by the 94 

excellent rheological properties of starch, this study focuses on the rheological behaviors of rice 95 

starch (RS), potato starch (PS), and corn starch (CS) under the conditions mimicking the HE-3DP 96 

process, and their actual printing behaviors. The aim of this work is to illuminate the underlying 97 

relationship between starch rheological properties and printability, and provide insights into the 3D 98 

printing of starch-based staple food. 99 

2. Materials and methods 100 

2.1. Materials 101 

RS was supplied by National Starch Pty Ltd. (Lane Cove, NSW 2066, Australia). CS was 102 

obtained from Huanglong Food Industry Co., Ltd. (P. R. China). PS was provided by Sanjiang Group 103 

Co., Ltd. (Xining, China). Anhydrous ethanol was supplied by Nanjing Chemical Reagents Co., Ltd. 104 

(Nanjing, China). Sodium hydroxide was obtained from Tianjin Baishi Chemical Co., Ltd. (Tianjin, 105 
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China). Iodine and Potassium iodine were purchased from Sinopharm Chemical Reagent Co., Ltd. 106 

(Beijing, China). Acetic acid was provided by Jiangsu Qiangsheng Chemical Co., Ltd. (Jiangsu, 107 

China). Potato amylose and rice amylopectin were purchased from the Heilongjiang Academy of 108 

Agricultural Sciences (Harbin, China). 109 

2.2. Main components analysis 110 

The apparent amylose contents of starch samples were determined by using the AACC method 111 

61-03(10) with minor modification. 100 mg of dry starch was dispersed in 1 mL of anhydrous 112 

ethanol and 9 mL of 1 M NaOH solution, and completely dissolved by heating at 100 °C for10 min 113 

with shaking. Then, the starch solution was diluted with water into 100 mL after cooling to the 114 

ambient temperature. 2.5 mL of this diluted solution was mixed with 25 mL of water, then added 115 

with 0.5 mL of 1 M acetic acid solution and 0.5 mL of 0.2% iodine solution, and made up to 50 mL 116 

with water. A UV-3802 spectrophotometer (UNICO, New Jersey, USA) was used to measure the 117 

absorbance at 620 nm. The amylose content values were calculated from a standard curve established 118 

using mixture solutions of amylose and amylopectin (R2 = 1). A moisture analyzer (MA35, Sartorius 119 

Stedim Biotech GmbH, Germany) was used to determine the moisture content of the original starch. 120 

The amylose and moisture contents were given in Table 1. 121 

2.3. Sample preparation 122 

A series of homogeneous starch suspensions were prepared at 5, 10, 15, 20, 25 and 30 % (w/w, 123 

dry basis) concentrations using a procedure reported before (Keetels C et al., 1996).  124 
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2.4. Rheological Measurements 125 

Dynamic mechanical parameters (storage modulus (G'), loss modulus (G''), and loss tangent 126 

(tan δ)) were used to evaluate the viscoelastic properties of starch samples on an Anton Paar MCR 127 

302 rheometer. For each measurement, a certain concentration of starch suspension was loaded 128 

between the stainless steel parallel plates (with a diameter of 25 mm and a gap of 1 mm) and 129 

equilibrated at a certain starting temperature. The exposed edges of the samples were covered with a 130 

thin layer of silicon oil to prevent moisture evaporation.  131 

Temperature sweeps were undertaken from 45 °C to 100 °C at a rate of 2 °C/min, and the strain 132 

and frequency were set at 0.5% and 10 rad/s, respectively.  133 

For oscillation tests, starch suspensions were heated from 45 °C to a certain temperature (RS to 134 

80�, PS to 70�, and CS to 75�) at 5 °C/min and kept at the temperature for 5 min. Strain sweeps 135 

were first conducted at a frequency of 10 rad/s to obtain strain values in the linear viscoelastic region. 136 

Yield stress (τy) was measured under oscillatory stress sweep at a frequency of 10 rad/s. Alternate 137 

strain sweep tests were performed using alternating strains of 1% (in the linear viscoelastic region) 138 

for 2 min and 100 % (beyond the linear viscoelastic region) for 2 min per cycle at a frequency of 10 139 

rad/s to investigate the response of G′ to strain of the starch samples.  140 

Steady shear rheological measurements were undertaken using the same facility with a 40-mm 141 

cone-and-plate geometry. Viscosity was recorded with a shear rate range from 0.1 to 100 s−1.  142 
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2.5. HE-3D printer and HE-3DP process 143 

Fig. 1 shows the schematic of the HE-3D printer SHINNOVE S2 (Shiyin Tech Co., Ltd., 144 

Hangzhou, China). The system includes four parts: (1) the rack and pedestal; (2) information and 145 

control display; (3) an annular electric heating tube outside the feed cylinder combined with a 146 

temperature sensor, which could regulate the temperature from 20 °C to 200 °C; a stepper motor 147 

system is computer-controlled and synchronized with the movement of the feed cylinder with an 148 

extruding head in the X-Y directions and the printing platform in the Z direction to ensure precise 149 

deposition and object buildup; (4) a feed cylinder that stores a printing medium. Printing 150 

requirements and models could be chosen through the display control panel or a mobile terminal. A 151 

0.8-mm diameter nozzle was used and the nozzle height was set at 2.0 mm, which can affect the 152 

printing accuracy significantly by limiting the space within which the extruded mixtures can flow. A 153 

nozzle speed of 20 mm/s and an extrusion rate of 30 mm/s were used to obtain desired results 154 

according to our preliminary work. The prepared starch suspension was poured into the feed cylinder, 155 

heated to a required temperature, and held for 5 min to reach equilibrium, and then a preferred model 156 

was chosen to start the printing. 157 

The width of printed lines was measured with an optical microscope on a printed square model 158 

(60×60 mm). The highest layer numbers were recorded by printing the bowl model (28×28×49 mm) 159 

that can be extruded from the nozzle smoothly and without collapse.  160 
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2.6. Statistical analysis 161 

All the experiments were performed at least in triplicate, the mean values and differences were 162 

analyzed using Duncan’s multiple-range test. Analysis of variance (ANOVA), followed by the least 163 

significant difference test (LSD-test), was performed using SPSS (Version 22.0) software. The 164 

significance level was set at p < 0.05. 165 

3. Results and discussion 166 

3.1. Steady shear rheological study 167 

An ideal printing medium for extrusion through a small-diameter nozzle in HE-3DP is a 168 

shear-thinning material to ensure smooth extrusion (Zhang et al., 2015). To understand the 169 

viscoelasticity of starch suspensions as HE-3DP printing media, steady shear rheological 170 

measurements were carried out and the results are shown in Fig. 2. A linear relationship between 171 

viscosity and shear rate can be seen on the double logarithmic plot for CS at 75 °C, RS at 80 °C and 172 

PS at 70 °C of various concentrations (5-30 %, w/w), indicating that in all these cases, the power-law 173 

model is applicable to describe the rheological behavior (Chen et al., 2017; Suzlin et al., 2011; Xie 174 

and Shao, 2009). 175 

 � = K�����                                   (1) 176 

Where η is the viscosity (Pa·s) of starch systems, ��  is the shear rate (s-1), K is the consistency (Pa·s), 177 

and n is the power-law index. For a pseudo-plastic solution, n < 1.  178 

The detailed parameters of regression power-law equations for different starch samples were 179 

listed in Table 2. It can be seen that nearly all correlation coefficients (R2) were close to 0.999, 180 
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showing a strong power-law dependence of viscosity on shear rate. In addition, all n values were 181 

much lower than 1, indicating all starch samples strongly behaved as a non-Newtonian fluid and 182 

showed a shear-thinning behavior. For each starch, the viscosity increased with the increased 183 

concentration at the same shear rates. Moreover, at concentrations of 10 % (w/w) or lower, the 184 

viscosity value of PS was highest followed by RS and CS at the shear rate from 0.1 to 100 s−1, while 185 

at higher concentrations (15-30 % (w/w)), the highest value was RS. This was in agreement with the 186 

trend of G' during temperature sweep (discussed below).  187 

3.2. Dynamic shear rheological study 188 

3.2.1. Temperature sweep 189 

The viscoelastic property of starch suspension can be reflected by both G' and tan δ (Caldirola, 190 

1962; Li and Yeh, 2001). Thus, it is essential to choose proper temperatures to acquire gelatinized 191 

starch samples with sufficient G' and tan δ to respond to the elastic deformation thus to support more 192 

printed layers during the deposition process of HE-3DP. 193 

Fig. 3 presents the changes in G' (A) and tan δ (B) as a function of temperature for PS, RS and 194 

CS suspensions (10-30 %, w/w) during temperature sweep at 2 °C/min. All starches exhibited similar 195 

profiles during temperature sweep (Fig. 3 (A)). Specifically, at low temperatures, G' remained low 196 

and unchanged as starch could not dissolve in cold water. As the temperature increased and reached a 197 

certain point (TG'), G' increased dramatically along with a sharp decrease in tan δ (Fig. 3 (B)) 198 

because of the closely packed matrix caused by the swelling of starch granules (Lii et al., 1996). 199 

Furthermore, the increased temperature led to an increase in G' to a maximum (G'max) at TG'max, 200 

which was as expected and is consistent with previous studies (Ji et al., 2017; Li and Yeh, 2001). 201 
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This indicates that heating could not only promote the swelling of starch granules and make amylose 202 

leach out, but also increase the mobility and collision of swollen granules and amylose molecules to 203 

form a special 3D conformation. All these contributed to an increase in G' (Lii et al., 1995; Wong and 204 

Lelievre, 1981). After reaching G'max, G' reduced dramatically with further heating, which was in 205 

accordance with previous research (Ji et al., 2017; Keetels C et al., 1996). This drop in G' could be 206 

attributed to the rupture of starch granules, the breakage of the intermolecular interactions (typically 207 

hydrogen bonding), and the reduction in the degree of chain entanglements (Lii et al., 1996). 208 

Table 3 lists the TG'max, G'max and tan δG'max values for all the cases during temperature sweeps. It 209 

can be seen that an increase in concentration could result in higher G'max for all the starches. 210 

Especially, RS displayed higher G' and lower tan δ than PS and CS at concentrations of 15-30 % 211 

(w/w), This could be explained by the reinforced rigidity of RS granules caused by the lower 212 

swelling capacity and deformability of RS compared with PS and CS (Singh et al., 2003), since the 213 

swollen starch granule was the major factor for the viscoelastic properties of heated starch systems 214 

(Lii et al., 1996; Svegmark and Hermansson, 1991; Tsai et al., 1997). Also, it has been suggested that 215 

starch suspension with G' > 500 Pa and tan δ < 0.2 during the temperature sweep could be considered 216 

as an elastic gel (Lii et al., 1995). Thus, RS was much stiffer than PS and CS systems and tended to 217 

show gelling behavior during heating. Therefore, compared with PS and CS, RS was more preferable 218 

as an HE-3DP material since the gel-like characteristics are critical for the printing medium to be 219 

dispensed as a free-standing filament(Chung et al., 2013; Cohen et al., 2009). 220 
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3.2.2. Alternate strains sweep 221 

When being extruded from and out of the nozzle, a printing medium will undergo a high-shear 222 

process and a low-shear process sequentially, thus materials for extrusion 3D printing should not 223 

only be easily extruded from the nozzle but also maintain sufficient mechanical integrity when being 224 

extruded out of the nozzle to support the next printed layer (Liu et al., 2018). To further understand 225 

the responsiveness of starch systems to shear strain, CS, RS and PS (10-30 % (w/w)) were subjected 226 

to two cycles of low (1 %) and high (100 %) strains for 2 min, respectively. 227 

Fig. 4 shows a reversible nature of the physical entanglement networks of starch samples 228 

manifesting themselves in the instantaneous response of G′ to the applied alternate strains. All the 229 

starch samples exhibited a remarkable decrease in G′ at high strains and instant recovery at low 230 

strains. According to the polymer conformational change theory (Shaw, 2011), the flexible starch 231 

macromolecular chains are orientated along the flow direction under an external stress with the 232 

resulting reduced conformational entropy of the polymer system. Once the external force is removed, 233 

the conformational entropy will partially restore. Thus, the decrease in G′ for all the three starch 234 

samples at a high shear strain could be attributed to the disruption of the physical network due to the 235 

macromolecular chains orientation. Subsequently, the rapid recovery in G′ at low shear strains was 236 

related to the rapid reformation of the transient network, which was promoted by the partially or 237 

fully restored conformation due to the reconstruction of the physically entangled structure (Winnik 238 

and Yekta, 1997). 239 

Table 4 lists the G' values at different stages during alternate strains sweep tests. G′1 corresponds 240 

to G' during the temperature sweep. It was found that all the starch samples remarkably decreased to 241 
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G′2 and displayed an apparent decline from G′1 to G′3. This small hysteresis between the G′1 and G′3 242 

could result from the higher G′1 in the first stage caused by the initial equilibration at 0% strain. 243 

Another reason may be the non-total recovery of the physically entangled network structure under 244 

the high strain, which would lead to lower G′3. Yet, a less reduction from G′3 to G′5 was shown, 245 

indicating that all the starch samples could instantly restore to the previous structure at low strains 246 

after a high shear process. This desirable property of rapid and reversible modulus responding to 247 

shear strain shows the suitability of these starch materials for HE-3DP. 248 

3.2.3. Stress sweep 249 

Fig. 5 (A) shows the corresponding stress sweep results for 20% (w/w) starch samples. It can be 250 

noticed that RS had the highest G' values, followed by PS and then CS, which was corresponding to 251 

the temperature sweep results. The results showed that CS, PS and RS held yield stress (τy) values of 252 

61, 102, and 191 Pa, respectively. τy value, which reflects that the mechanical strength of materials is 253 

crucial for supporting the subsequently deposited layers and maintaining printed shapes during the 254 

deposition process (Feilden et al., 2016; Gibiński et al., 2006). Along with our discussion about G', 255 

the τy values of these starch samples were also influenced by the swollen starch granules followed by 256 

the leached amylose contained in the system. On the other hand, CS and RS displayed flow stress    (τf) 257 

values of 484 and 3710 Pa, respectively, which were much lower than that of PS (1362 Pa). τf has 258 

been identified as the point where G′ = G″, indicating the extrudability of a material during printing, 259 

which implies the force necessary for extrusion. From the τy and τf results here, one can anticipate 260 

that RS present stronger mechanical properties, better printability, and higher resolutions than the 261 
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other two starches, while PS, which yielded high τf values, might be hard to be extruded from the 262 

nozzle. 263 

Fig. 5 (B) shows the changes in τy and τf for these three starches as a function of concentration. 264 

It can be seen that τy and τf values were both concentration-dependent, this was consistent with 265 

previous results (Evans and Haisman, 1980; Wang et al., 1994). Higher concentrations could 266 

contribute to higher τy values, which would lead to a better resistance to deformation and thus more 267 

stacked layers without printing defects and high resolutions of the printed structures. However, 268 

higher     τf values also resulted from the increased concentration, which indicates that the stronger 269 

force is needed for the printing media to be extruded from the nozzle. Regarding this, suitable 270 

concentration ranges for all three starch samples should be optimized with the considerations of the 271 

product quality and processability. This will be discussed in the next part. Besides, in the tested 272 

concentration ranges, RS had highest τy values and lowest     τf values (excepted from 30 % w/w), 273 

indicating that it is superior as a printed medium in a wide concentration range. 274 

3.3. HE-3D printed objects 275 

Fig. 6 presents the printed constructs including a smiling face (50×50×7 mm), a beetle 276 

(16×96×8 mm) and a bowl (28×28×49 mm). From all observations, all starches at 10 % (w/w) and 277 

15 % (w/w) CS could be smoothly extruded from the nozzle, which could be ascribed to the low τf 278 

values (Fig. 5 (B)). However, these printed objects deformed immediately and showed poor 279 

resolutions because of sagging, which was due to the weak mechanical strength reflected by low τy 280 

(Fig. 5 (B)) and G'3 (Table 4). 281 
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For RS, the printed constructs at 15-25 % (w/w) concentrations could withstand the shape over 282 

time and displayed a smoother surface with increasing concentration. Given this, RS with τf (140-616 283 

Pa), G' (2313-6909 Pa) and τy (92-455 Pa) were strong enough to support the deposited layers and 284 

hold the shape from the target constructs. Besides, Table 5 shows that the number of printed layers 285 

also increased, and the printed structures exhibited a high resolution (0.804-0.972 mm line width). 286 

This was as expected since materials with suitable G' and τy showed better shape retention capability 287 

and high resolutions (Lewis, 2006; Zhang et al., 2015). For the printed RS objects with 30 % (w/w), 288 

despite the good shape of the target constructs, they also displayed some defects and structural 289 

inconsistency throughout printing due to the broken extrudate thread. This might be due to the high τf 290 

value (1330 Pa), which led to the poor printability of starch gels during deposition. 291 

Similarly, CS of 20-25 % (w/w) concentrations showed favorable printability owing to the 292 

proper τf values (484-722 Pa). However, the shape retention and resolutions of printed constructs by 293 

CS were not as good as RS due to its weaker mechanical strength as indicated by the lower τy 294 

(61-167 Pa) and G' (1150-1545 Pa) values. Moreover, the 30 % (w/w) CS sample was hard for 295 

extrusion during printing due to its high τf (788 Pa).  296 

The printed PS constructs with concentrations 15-20 % (w/w) showed preferable resolutions 297 

(0.915-0.935 mm line width) and structural consistency. Nevertheless, the number of printed layers 298 

of constructs without collapse was less than that for RS, which might be due to the lower τy values 299 

(32-102 Pa) of PS than those of RS. Further increasing the concentration of PS to 25 or 30 % (w/w) 300 

led to τf (1553-1583 Pa) and G'2 (868-2799 Pa) that were too high under a high shear process through 301 

the nozzle so that PS could not be extruded from the nozzle smoothly.  302 
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4. Conclusion 303 

This study focused on the HE-3DP of starch and we have established the relationship between 304 

rheological properties and printability. The results indicated that concentrated starches present 305 

shear-thinning and strain-responsiveness, which were printable as HE-3DP materials. Moreover, the 306 

τy and G' parameters of all the samples, which are crucial for supporting subsequently deposited 307 

layers and maintaining printed shapes, increased with the increased starch concentration. 308 

Nevertheless, the increased starch concentration could lead to over-high τf values that hindered 309 

smooth extrusion of starch materials. Thus, the highly desirable starch materials for HE-3DP should 310 

not only possess suitable τy and G', which are important for printing constructs to withstand its own 311 

weight, but also have relatively low τf to be easily extruded out from a small-diameter nozzle. Our 312 

results indicated that RS of 15-25 % (w/w) concentrations at 80 °C, CS of 20-25 % (w/w) 313 

concentrations at 75 °C, and PS of 15-20 % (w/w) concentration at 70 °C possessed appropriate τf 314 

(140-722 Pa), τy (32-455 Pa) and G' (1150-6909 Pa) values, which were preferable for HE-3DP with 315 

excellent printability, shape retention and resolutions. Therefore, the information obtained from this 316 

work could provide useful guidance for the selection of starch-based food materials and the 317 

optimization of 3D printing processes for developing next-generation individualized food. 318 
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Fig. 1. Schematic of the HE-3D printer used in this work. 1) Rack; 2) Information and control 427 

display; 3) Heating tube; 4) Feed cylinder; 5) Extruding head; 6) Printing platform; 7) USB and SD 428 

card slot. 429 

Fig. 2. Viscosity versus shear rate profile for starch samples at different concentrations. 430 

Fig. 3. Storage modulus (G') (A) and tan δ (B) as a function of temperature during dynamic 431 

oscillatory temperature sweep for PS, RS and CS suspensions at different concentrations. 432 

Fig. 4. Alternate strain sweep tests showing G' for CS at 75 °C, RS at 80 °C, and PS at 70 °C 433 

responsive to high (100 %) and low (1 %) oscillatory strains (γ). 434 

Fig. 5. Stress sweep for 20 % (w/w) starches (A). Yield stress (τy) and flow stress (τf) as a function of 435 

concentration (B) for CS at 75 °C, RS at 80 °C and PS at 70 °C. 436 

Fig. 6. HE-3D printed objects by using RS at 80 °C, CS at 75 °C and PS at 70 °C at different 437 

concentrations. 438 

439 
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Fig. 1 441 
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Fig. 2 445 
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(A)                                   (B) 447 
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Fig. 3 451 
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Fig. 4 455 
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Fig. 5 461 
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Fig. 6 465 

466 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

29 

Table 1. Amylose and moisture contents of PS, CS and RS. 467 

Variety Amylose Content (%) Moisture (%) 

PS 34.5±0.4 15.54±0.03 

CS 24.1±0.6 14.59±0.01 

RS 26.5±0.3 14.97±0.05 

468 
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Table 2. Power-law parameters for starches of different concentrations. 469 

Variety 
Concentration 

(w/w)  
n K (Pa·s) R2 

RS 

5 % 0.235a 54.7e 0.983 

10 % 0.200b 398.9d 0.996 

15 % 0.034c 2304.4c 0.999 

20 % -0.032d 4000.4b 0.999 

25 % -0.009e 7974.2a 0.999 

CS  

5 % 0.047a 51.1e 0.999 

10 % 0.068a 111.5d 0.999 

15 % 0.053a 382.7c 0.999 

25 % 0.089a 972.9b 0.999 

30 % 0.102a 1520.2a 0.999 

PS  

5 % 0.089ab 238.8e 0.999 

10 % 0.116a 856.0d 0.999 

20 % 0.035c 1242.9c 0.999 

25 % 0.092b 1585.6b 0.999 

30 % 0.078b 2567.9a 0.999 

Superscripts with different letters in the same column indicate significant differences (p < 0.05). 470 

471 
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Table 3. Parameters during temperature sweep for starch suspensions of 10-30 % (w/w) 472 

concentrations. 473 

Variety Concentration (%) TG'max (°C) G'max (Pa) tan δG'max 

PS 

10 71.2±0.9 1349±48 0.28±0.03 

15 69.3±1.0 1731±56 0.29±0.02 

20 68.4±1.1 2546±41 0.26±0.01 

30 66.9±0.5 5483±204 0.25±0.01 

CS 

10 72.4±1.0 416±30 0.26±0.01 

15 70.1±0.8 1248±48 0.24±0.00 

20 69.5±0.8 1655±59 0.25±0.01 

30 73.2±1.1 2571±26 0.20±0.00 

RS 

10 84.4±1.0 1208±15 0.05±0.01 

15 80.8±0.5 3607±50 0.05±0.00 

20 76.8±0.8 6122±65 0.08±0.00 

30 77.5±1.2 14435±379 0.06±0.01 

TG'max, temperatures at which G' reaches to its maximum during temperature sweep; G'max, maximum G' during 474 

temperature sweep; tan δG'max, tan δ at G'max. 475 

476 
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Table 4. Parameters during alternate strains sweep experiments for different starch samples of 477 

10-30 % (w/w) concentrations. 478 

Variety Concentration (%) G′1 (Pa) G′2 (Pa) G′3 (Pa) G′5 (Pa) 

CS 

10 561 65 366 338 

20 1429 217 951 885 

30 2429 1217 1951 1885 

RS 

10 1039 613 845 813 

20 5357 157 3471 3115 

30 12398 270 7732 6671 

PS 

10 1452 733 1228 1242 

20 2224 659 1885 1764 

30 4926 2800 3797 3644 

G′1, G′ at 1 % strain of the first stage; G′2, G′ at 100 % strain of the second stage; G′3, G′ at 1% strain of the third 479 

stage; G′5, G′ at 100 % strain of the fifth stage. 480 

481 
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Table 5. Printed parameters for different starch of 10-30 % (w/w) concentrations. 482 

Concentration 

(w/w) 

RS CS PS 

line width (mm) 
printed 

layer 
line width (mm) 

printed 

layer 
line width (mm) 

printed 

layer 

10 % 1.338±0.016a 3±1.4d 1.263±0.007a 1±0.0b 1.197±0.003a 3±0.0c 

15 % 0.972±0.076b 43±1.4b 1.043±0.003b 5±1.4b 0.935±0.006b 11±1.4b 

20 % 0.866±0.008bc 58±2.8a 1.024±0.001c 20±2.8a 0.915±0.003c 17±2.8a 

25 % 0.804±0.011c 60±2.8a 0.983±0.004d 16±1.4a 0.856±0.006d 2±1.4c 

30 % 0.797±0.023c 32±1.4c NE NE NE NE 

NE means not extruded. Values followed by the different lowercase letter within a column differ significantly (p 483 

< 0.05). Values are presented as means ± SD (standard deviation) of three determinations (n = 3). 484 

 485 
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Highlights 

• Concentrated starch was suitable for hot-extrusion 3D printing (HE-3DP). 

• G', τy, and τf were key parameters reflecting the printability of starch in HE-3DP. 

• High τf value hindered smooth extrusion of starch in HE-3DP. 

• Rice starch showed better HE-3DP printability than corn and potato starches. 

 

 


