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A B S T R A C T   

Although the changes in molecular structure during starch gelatinization has been intensively investigated, how 
a relationship between starch rheological properties, printability, and starch molecular structure changes during 
starch gelatinization remains unclear. This research is focused on the molecular structure changes of corn starch 
(CS) gels caused by different treatment temperatures and their effects on CS gel rheological and 3D printing 
properties. With increasing treatment temperature, the leached amylose content and short linear chains (DP 
6–12) of CS increase, whereas the contents of long linear chains (DP > 12) decrease, which influences the 
rheological and 3D printing properties of starch. Due to the presence of the original granules and crystalline 
structure, the CS-65 starch gel presented a poor storage modulus (G′), indicating poor 3D printing performance. 
The leaching of amylose induced the formation of new crystal and cross-linked network structures, which is 
beneficial for increasing its G′. However, the increase in short amylopectin linear chains (DP 6–12) reduced the 
degree of short-range order and hydrogen bonding interactions, which was detrimental to its G′ and yield stress 
(τf). CS-80 starch gel exhibited the largest G′ and shear recovery rate, showing the highest self-supporting 
properties and printing precision. Extremely high temperatures contributed to the densification of the starch 
gel structure, which led to an increase in τf and difficult extrusion. Overall, molecular structural changes caused 
by starch gelatinization are critical to its ideal rheological properties for 3D printing.   

1. Introduction 

3D printing technology is a technology based on computer digital 
technology, through three-dimensional modeling, model slicing, infor
mation processing, layer-by-layer printing and other steps to finally 
form a three-dimensional entity technology, which integrates digital 
processing technology, computer technology, numerical control tech
nology, material technology and many other modern technologies 
(Chen, Zhang, Sun, & Phuhongsung, 2021). 3D printing technology can 
quickly and accurately convert the designer’s product design into 
physical components (Dankar, Haddarah, Omar, Sepulcre, & Pujolà, 
2018). It has many advantages in the food industry such as customized 
design of food structure, personalized and digital nutrition custom
ization, simplified supply chain, and broadened sources of food raw 
materials. Therefore, applying 3D printing to the food industry will 

produce a technological revolution. 
Extrusion 3D printing creates solids by extruding material from a 

nozzle, layer by layer. First, the printed material must have good flow 
properties for easy extrusion from the nozzle, and second, it needs to 
have suitable viscoelasticity to form continuous lines after extrusion 
from the nozzle for deposition molding (Godoi, Prakash, & Bhandari, 
2016). Therefore, in the 3D printing process, because the material will 
experience high shear when it is extruded from the nozzle, it is necessary 
for the material to have suitable yield stress (τf) to facilitate extrusion 
flow. Meanwhile, it needs to have a lower viscosity during the process of 
passing through the nozzle, which is conducive to smooth extrusion. 
Therefore, the printing material is required to have the characteristics of 
shear thinning. On the other hand, after the material is extruded from 
the nozzle, it needs quickly attain a certain structural strength to support 
subsequent deposition molding (Cui, Li, Guo, Liu, & Yang, 2021a, 
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2021b). Specifically, the printed material needs to have a fast and 
reversible modulus response to shear stress to ensure the high resolution 
of the printed body and to have a certain structural strength to prevent 
the printed body from collapsing and deforming. It can be concluded 
that the evolution of the rheological behavior of the printing material 
during the printing process plays a key role in extrusion 3D printing 
molding. 

As a natural polymer material, starch is a typical pseudoplastic non- 
Newtonian fluid with shear thinning and thixotropy. This rheological 
property gives starch potential for 3D printing ink materials (Zhang 
et al., 2022). Moreover, starch is the main component in cereal food, and 
its rheological properties play a key role in the rheological properties of 
the cereal food material system, which provides the possibility for 
extrusion 3D printing technology to be applied to the manufacture of 
nutritious and healthy cereal food (Zhang et al., 2022). Starch gelati
nization occurs during the processing of starch-based 3D-printing ma
terials, contributing to their unique physicochemical properties. Starch 
gelatinization is the entry of water molecules into starch granules, which 
destroys the hydrogen bonds between starch molecules and makes 
starch molecules dispersed in water to become colloidal solution (Wang 
et al., 2021). The gelatinization process of starch involves changes in its 
structural changes, which will significantly affect the rheological prop
erties of starch (Ai & Jane, 2015). For example, shorter A and B1 chains 
of starch lead to wheat flour paste having more elastic behavior, while a 
higher content of A and B1 chains leads to more viscous behavior (Zhang 
et al., 2020). Ji et al. (2022) also reported that the content of short 
amylopectin chains (DP 13–24) had a significant negative correlation 
with the consistency of starch, which was beneficial to the 3D printing 
process. Zeng, Chen, Chen, and Zheng (2021) also reported that the 
storage modulus and τf of starch gel were associated with the change in 
crystal structure during starch gelatinization, which significantly affects 
its extrusion process and self-supporting properties during 3D printing. 
It is clear that the molecular structure, especially the starch chain 
structure, significantly affected the rheological properties of the starch 
material. Previous studies have mainly focused on the changes in mo
lecular structure during starch gelatinization (Wang et al., 2021), but 
lacking information about the changes in starch chain structure. 
Meanwhile, the causes of different starch rheological properties and 
printability during starch gelatinization, and whether these differences 
are related to the starch molecular structure changes, especially changes 
in starch chain structure, remain unknown. 

In this study, through an experimental method of heating corn starch 
(CS) at different temperatures (65, 70, 80, 90, 100 ◦C), we tested various 
corn starch samples to reveal the structural changes, especially chain- 
length distributions (CLDs) of debranched starch, of corn starch dur
ing gelatinization. We mainly describe the relationship between starch 
molecular structure changes during starch gelatinization and its rheo
logical properties and printing properties from the perspective of starch 
chain structure. These results will provide new insights into the theo
retical basis for rheological properties of starch-based materials based 
on gelatinization of starch. 

2. Materials and methods 

2.1. Materials 

Commercial corn starch was provided by COFCO Corporation (Bei
jing, China). Amylose content in starch was 33.81%, determined 
through an amylose content assay kit (BC4260, Beijing Solarbio Science 
& Technology Co., Ltd., Beijing, China). Dimethyl sulfoxide (chro
matographic purity), sodium nitrate, dimethyl sulfoxide-D6, sodium 
acetate ≥99.0% and glacial acetic acid were acquired from Sigma Co., 
Ltd. (St. Louis, MO, USA). Isoamylase was secured from Shanghai Anpu 
Experimental Technology Co., Ltd. (Shanghai, China). 

2.2. Sample preparation 

Weigh a certain amount of corn starch (CS) and add distilled water to 
make a 20% suspension. Then, place the mixture into a water bath at 65, 
70, 80, 90, and 100 ◦C and stir evenly for 15 min at 600 rpm/min. The 
mixture was injected into the printer syringe after cooling to room 
temperature (20–25 ◦C) and kept in the refrigerator overnight at 4 ◦C 
(24 h in total). Starch samples treated at 65, 70, 80, 90 and 100 ◦C were 
coded as CS-65, CS-70, CS-80, CS-90 and CS-100, respectively. 

2.3. Chain length distribution (CLDs) of amylopectin 

Starch CLDs were characterized by a previous method (Tang et al., 
2022). First, the starch gel samples were debranched. The specific 
method was as follows: 9 mg of starch was accurately weighed, dissolved 
in 450 μL of 100% DMSO, and stirred overnight. Then, 2250 μL of ul
trapure water and 300 μL of pH 4.5 M sodium acetate buffer solution 
were added to dilute the starch solution. Finally, 1 μL of isoamylase was 
added. The debranching reaction was performed under continuous 
stirring for 12 h at room temperature, and the reaction was terminated 
by heating in a boiling water bath. The debranched sample solution was 
centrifuged and passed through a 0.45 μm filter membrane before being 
injected into the HPLC system. 

The chain length distribution of the samples was determined by high- 
performance anion exchange chromatography (DIONEX ICS-5000+, 
Thermo Fisher Inc., USA.) with pulsed amperometric detection. After 
the sample was injected into the system, it was eluted with 150 mM 
sodium hydroxide solution (eluent A) and 150 mM sodium hydroxide 
containing 500 mM sodium acetate solution (eluent B) at a flow rate of 1 
mL/min. 

2.4. Leached amylose content 

The amylose content of starch was determined according to a pre
vious report (Yin et al., 2021). The leaching of corn starch samples was 
determined using a METASH UV-6100 spectrophotometer (Shanghai 
Yuanjie Instrument Co., Ltd., Shanghai, China). Technical support is 
provided by Sanshu Biotech. Co., LTD (Shanghai, China). The corn 
starch was heated to 65, 70, 80, 90 and 100 ◦C for 15 min at 600 
rpm/min. Then, starch gel samples were cooled to room temperature 
and KI-I2 reagent were added. Standard blank samples were used as 
controls, and samples were measured at 620 nm. A standard curve was 
determined, and the apparent amylose content was calculated from the 
standard curve. 

2.5. Scanning electron microscopy (SEM) 

The starch gel after freezing was used for SEM testing. After affixing a 
layer of conductive double-sided tape on the sample stage, the starch 
sample was pasted on the double-sided tape and then placed in an ion 
sputtering coater for gold plating for a certain period of time. Then, the 
samples were placed into a scanning electron microscope sample 
chamber and tested in the high voltage mode of 20 kV, and their cross- 
sectional morphology was observed at a magnification of 500 × by 
scanning electron microscopy (SEM, Hitachi SU3500, Tokyo, Japan). 

2.6. Rapid viscosity analysis of potato starch 

In order to obtain the information of starch gelatinization, 2.5 g corn 
starch (dry basis) and water was weighed to a total weight of 28 g and 
transferred to the aluminium cylinder of a rapid viscosity analyser (RVA 
TecMaster, Perten Instruments, Inc., Hagersten, Sweden). The suspen
sion was stirred with matching propellers at the standard I program. The 
detail program condition was as follows: the suspension was held at 
50 ◦C for l min and heated to 95 ◦C at a rate of 12 ◦C/min and held at 
95 ◦C for 5 min. The paste was cooled down at a rate of 12 ◦C/min to 
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50 ◦C and held at 50 ◦C for 2 min. 

2.7. X-ray diffraction (XRD) 

The crystal structure of starch gels after freezing was measured using 
a D8 Advance X-ray diffractometer (Bruker–AXS, Karlsruhe, Germany) 
with a diffraction angle (2θ) ranging from 5◦ to 40◦ at a scanning rate of 
0.02◦/s at room temperature. All obtained curve were normalized for 
comparison. 

2.8. Fourier transform infrared spectroscopy (FTIR) 

FTIR was used to assess the lyophilised powder of the starch gel 
samples with different treatment temperatures obtained in section 2.2. 
Powder (2 mg) was combined with 100 mg of KBr before being pressed 
into tablets for measurement. The FTIR (Bruker, V70FTIR, Berlin, Ger
many) machine carried out 16 scans and recorded the spectrum at a 
speed of 0.16 cm− 1 in the wavelength range of 4000–350 cm− 1. The 
molecular interaction between corn starch at various temperatures was 
explored in detail through Peak Fit, and the infrared absorbance at 995/ 
1022 cm− 1 (DD) was mainly studied. All spectra were baseline adjusted 
and normalized. 

2.9. Rheological measurements 

The rheological properties of the gel system were measured by MCR 
102 modular intelligent rheometer (Anton Paar, Austria) with a plate 
diameter of 40 mm and a test spacing of 100 μm. In the static rheological 
test, the shear rate was set from 0.01 to 100 s− 1, and the ƞ and stress of 
the samples were measured at 25 ◦C. In the stress sweep test, the stress 
was 1–1000 Pa or the upper stress limit of the rheometer, and the τf of 
the gel system was determined at 25 ◦C. τf is defined as the stress value 
when G′ and G′′ are equal. When measuring the shear recovery char
acteristics of the gel system, the temperature was set at 25 ◦C, and 
shearing was performed at a low shear rate of 1 s− 1 for 180 s, followed 
by continuous shearing at a high shear rate of 100 s− 1 for 120 s and final 
shear at a low shear rate of 1 s− 1 for 180 s. The shear recovery charac
teristics of the system were characterized by the ratio of the ƞ value of 
the system in the first 30 s of the third stage to the average ƞ of the first 
stage. In addition, the dynamic rheological measurement conditions are 
25 ◦C, the strain is 0.1%, and the angular frequency is 0.1–100 rad/s. All 
tests were performed in the linear viscoelastic region of the sample. 

2.10. 3D printing 

A SHINNOVE-S2 printer was used for 3D printing (Shiyin Tech Co., 
Ltd., Hangzhou, China). The print 3D model was a cuboid with 20 mm 
height, 40 mm width and 40 mm length. The gel system was slowly 
added to the syringe without introducing air bubbles. According to the 
pre-experimental results, the setup parameters of the 3D printer were as 
follows: 24 mm/s printing rate, 0.84 mm nozzle diameter, and 25 ◦C 
extrusion temperature. The polymer fluid extrudes and swells during the 
extrusion process, which directly affects the width of the filament and 
the accuracy of the printed line. Therefore, it can be used to characterize 
the accuracy of the printed line. The smaller is the filament width, the 
higher is the resolution of the printed object. 

The number of layers refers to the maximum number of layers that 
can be printed without the material being collapsed and deformed. The 
more layers the material has, the more suitable is the material for 3D 
printing. First, a pre-extrusion step was performed to eliminate nozzle 
clogging. The model was selected to print a cylindrical thin wall with a 
thickness of 32 × 32 × 40 mm, and the printing layer height was 0.7 
mm. The obtained results were used to determine the number of printing 
layers. Set the relative height of the nozzle to 1.0 mm, the printing speed 
to 24 mm/s, the retraction speed to 50 mm/s, the retraction distance to 
2 mm, and the inner diameter of the nozzle to 0.84 mm. The highest 

number of printing layers was tested three times, and the average value 
was calculated. 

2.11. Statistical analysis 

SPSS (Version 26.0, IBM Inc., USA) software was used to test the 
statistical significance of the data, expressed as x ± s. The comparison 
between the two groups of data was performed by one-way analysis of 
variance, and P < 0.05 was considered statistically significant. 

3. Results and discussion 

3.1. Chain length distributions of amylopectin and apparent amylose 
content 

The chain length distribution of amylopectin can be divided into four 
parts according to the degree of polymerization (DP), including the A 
(DP 6–12), B1 (DP 13–24), B2 (DP 25–36) and B3 (DP > 36) chains 
(Madhusudhan & Tharanathan, 1996). The outermost A chain of 
amylopectin is the shortest and connects the reducing end to other 
chains through α-1,6 bonds (Hanashiro et al., 1996). In addition, re
searchers have also reported that shorter amylopectin chains (A and B1) 
are the main cause of double helix formation in starch granules, which 
involves the formation of crystalline regions in starch granules (Li et al., 
2020). As shown in Table 1, the contents of A-chain and leached amylose 
both increased with increasing treatment temperature, while the content 
of B1-chains, as the main type of amylopectin branch, decreased. The 
contents of B2-chains first increased and then decreased when the 
treatment temperature increased from 65 to 100 ◦C. With increasing 
temperature from 65 to 70 ◦C, the contents of B2 and B3-chains also 
decreased, while B3-chains did not show a significant change when the 
treatment temperature increased from 70 to 100 ◦C. These results 
indicate that high temperature destroys the medium and long chains of 
amylopectin (DP > 12) in the initial stage of gelatinization, breaking it 
down into short chains (DP 6–12). As starch gelatinization continues, 
the energy absorbed at high temperature mainly destroys the lateral 
chains (DP 13–36) of amylopectin. Wang, Li, Liu, & Zheng (2022) also 
used physical method (heat-moisture treatment) to modify starch, which 
had less damage to starch amylopectin and only slightly affected the 
proportion of A-chains. Compared with physical modification, chemical 
modification (acid treatment) and biological modification (pullulanase 
treatment) are more efficient ways to change the distribution of 
amylopectin chain length, but they also depend on the concentration of 
modified reagent and reaction time (Li & Hu, 2021; Tang et al., 2022). 
On the other hand, more amylose leaches out due to the breakdown of 
the amylopectin structure. The leached amylose may adhere to the 
amylopectin to prevent the thermal energy from damaging it, thus 
leading to the increase of B2-chains content with the increasing 

Table 1 
Amylopectin chain length distribution and amylopectin content of corn starch 
gels treated at different temperatures.  

Sample A-chains 
(%)(DP 
6–12) 

B1-chains 
(%)(DP 
13–24) 

B2-chains 
(%)(DP 
25–36) 

B3-chains 
(%)(DP >
36) 

Apparent 
amylose 
content (%) 

CS-65 31.91 ±
0.11e 

51.05 ±
0.02a 

12.32 ±
0.03a 

4.75 ±
0.12a 

6.13 ± 0.12e 

CS-70 34.53 ±
0.02d 

50.42 ±
0.14b 

11.16 ±
0.32b 

3.99 ±
0.16b 

10.14 ± 0.41d 

CS-80 35.34 ±
0.07c 

49.87 ±
0.05c 

10.79 ±
0.04c 

4.02 ±
0.15b 

16.12 ± 0.21c 

CS-90 36.34 ±
0.13b 

48.31 ±
0.07d 

11.25 ±
0.07b 

4.03 ±
0.02b 

22.54 ± 0.13b 

CS-100 38.72 ±
0.05a 

47.06 ±
0.14e 

11.29 ±
0.11b 

4.01 ±
0.11b 

26.12 ± 0.11a 

Different lowercase letters within the same column indicate significant differ
ences among the samples (p < 0.05). 
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temperature from 80 to 100 ◦C. 

3.2. Morphology 

As shown in Fig. 1, the microscopic morphology of starch gel samples 
was observed by scanning electron microscopy. When the heating 
temperature is 62 ◦C, the starch begins to gelatinize (Fig. S1), and the 
starch granules slightly swelled and absorbed a small amount of water. 
Therefore, as shown in Fig. 1a, the corn starch treated at 65 ◦C shows an 
expanded granular structure, while not well-cross-linked together, 
indicating a lower gelatinization degree. With increasing treatment 
temperature, the starch granules further absorb water, swell and grad
ually rupture (Fig. 1(b–e)). When the temperature increased to 80 ◦C, 
the starch granule structure basically disappeared, and the system 
formed a cluster structure that resembled coral clumps, indicating that 
higher temperatures promote starch gelatinization and the formation of 
a cross-linked network structure. With a further increase in the starch 
treatment temperature, the clustered structure of the gel samples 
showed some cracks (as marked by the red circle) and small pieces, 
indicating that excessively high temperatures may have broken the 
structure of the starch gel. This result may be attributed to the high 
content of short chains (DP 6–12) in the samples at processing temper
atures, which are less able to entangle and link with each other, resulting 
in lower stiffness and bonding ability (Liu, Chen, Bie, Xie, & Zheng, 
2021). Moreover, the presence of cracks and small pieces may be related 
to the reduction of short-range molecular order (as proven by Section 
3.4), which is closely related to matrix free volume or spacer junction 
regions (Huang, Chao, Yu, Copeland, & Wang, 2021). 

3.3. Crystalline structure 

To investigate the influence of the crystalline structure of starch gel, 
the printed starch samples was characterized by wide-angle X-ray 
diffraction, and the results are shown in Fig. 2. The CS-65 starch gel 
sample exhibited an A-type crystalline structure with diffraction at 17◦, 
18◦ and 23◦ and a B-type crystalline structure with diffraction peaks at 
24◦ (Cheng, Gao, Wang, Hou, & Lim, 2022; Gao et al., 2021). As the 
processing temperature increased to 70 ◦C, the A-type crystallization 
peak of starch became weaker, while the V-type crystallization charac
teristic (diffraction peak at 19.8◦) peak appeared. When the treatment 
temperatures were in the range of 80–90 ◦C, starch gel materials 
retained the characteristic diffraction peaks of the B-type crystalline 
structure (diffraction peak at 17.1◦). Moreover, the diffraction peak 
intensity of 19.8◦ increased as the temperature increased, indicating a 
stronger V-type crystalline structure. The enhancement of the V-type 
crystalline structure was attributed to the leaching of amylose, which 
formed starch-lipid complexes with the endogenous starch lipids, man
ifesting as V-shaped crystals (Kang et al., 2020). The appearance of the 
B-type diffraction peak usually shows the formation of a double helix 
structure between amylose and amylopectin, indicating the degree of 
starch retrogradation (Huang et al., 2021). The formation of new starch 
crystal structures was helpful to improve the structural strength of starch 
gel systems (Zeng et al., 2021), such as the V-type structure and B-type 
crystalline structure in this study. 

3.4. FTIR 

The FTIR spectra of the heat-treated starch gels are shown in Fig. 3a. 
The broad band around 3423 cm− 1 corresponds to the stretching vi
bration of the hydroxyl groups (Cheng et al., 2023). In the current study, 
this peak shifts toward lower wavenumbers when the treatment tem
perature increases from 65 to 90 ◦C, indicating the enhancement of 
hydrogen bonding. This may be due to the formation of new intermo
lecular hydrogen bonds caused by the leached amylose, which are 
greater in number than the disrupted intramolecular hydrogen bonds. 
When the treatment temperature increased from 90 ◦C to 100 ◦C, the 
hydroxyl peak shifted to higher wavenumbers, which may be attributed 
to the presence of more short starch chains (DP 6–12). This short-chain 
structure inhibits chain-to-chain interactions and hinders the formation 
of hydrogen bonds between starch molecules (Liu et al., 2021). The raw 
spectra were deconvolved in the 1100–900 cm− 1 region to further 
investigate the effect of treatment temperature on the CS short-range 
structure, and the result is shown in Fig. 3b. The absorption band at 
1022 cm− 1 represents the relative content of starch amorphous struc
ture, while the absorption band at 994 cm− 1 is bound to the intra
molecular hydrogen bonding of hydroxyl groups, promoting the degree 
of double helical order (short-range order). Therefore, the ratio of 
995/1022 cm− 1 can be used to determine changes in the short-range 
order of the starch gel system. Among all samples, the CS-65 starch 
gel has the highest ratio of 995/1022 cm− 1, which is because of the 
retention of more original crystal structures due to the lower degree of 
gelatinization, leading to its higher degree of short-range molecular 
order. With the increase in treatment temperature from 70 to 100 ◦C, a 
trend of increasing first and then decreasing in the ratio of 995/1022 

Fig. 1. SEM images of starch gels treated at different temperatures: (a) CS-65, (b) CS-70, (c) CS-80, (d) CS-90 and (e) CS-100.  

Fig. 2. X-ray diffraction of corn starch gels treated at different temperatures.  
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cm− 1 was observed, indicating that CS-80 starch gel sample showed a 
higher degree of short-range molecular order. Compared with CS-70 
starch gel sample, the higher short-range molecular order of CS-80 
starch gel sample could be attributed to the fact the increase of treat
ment temperature promoted the leach of amylose for an improved 
alignment, which promotes the formation of starch ordered structure 
(Lu et al., 2023). However, the increase of treatment temperature also 
leaded to the formation of starch short chains (DP 6–12), which might 
reduce the collision possibility of starch chains in a disordered state 
owing to gelatinization (Liu et al., 2021), thus inhibiting the formation 
of the ordered structure of starch during retrogradation. 

3.5. Dynamic rheological measurements 

3.5.1. Steady shear rheological study 
In the extrusion 3D printing process, because the material experi

ences high shear when it is extruded through a very fine nozzle, it is 
necessary for the printing material to have the characteristics of shear 
thinning to facilitate smooth extrusion. The viscosity versus shear rate 
profile of different treatment temperatures of corn starch is shown in 
Fig. 4. The viscosity of all samples decreased with increasing shear rate 
and exhibited shear thinning characteristics, showing greater potential 
as a 3D printing material. The shear thinning phenomenon of macro
molecular fluids, such as starch, can be explained by the orientation and 
alignment of chains under shear force. The CS-65 starch gel sample 
exhibits a stronger linear viscosity reduction, while the linear behavior 

of the other obtained samples was weaker. The network structure 
composed of cross-linking points is in a state of continuous construction 
and disintegration due to the external shear force; thus, it can be vividly 
called a “transient network”. With increasing treatment temperature, 
the starch molecular chain was slowly opened, and hydrophilic groups 
(such as hydroxyl groups) were exposed, increasing the number of 
interaction sites for cooperative zipping to occur between aligned chains 
(Wee, Matia-Merino, & Goh, 2015). At lower shear rates, the starch gels 
treated at higher temperatures appeared to sufficiently stretch out with 
shear flow to allow some intermolecular associations between neigh
boring polymer chains to occur. The occurrence of this association and 
disaggregation phenomenon results in a weaker linear change in vis
cosity (Cai, Goh, Lim, & Matia-Merino, 2021). 

At lower shear rates (0.1–10 s− 1), the viscosity of starch gel increased 
with increasing treatment temperature. This was attributed to the fact 
that high temperature promotes gelatinization of starch, which pro
motes the disintegration of the starch double helix structu re, and the 
molecular chain is fully stretched to form a new chain entanglement or 
hydrogen bond, increasing the resistance during shearing (Wang et al., 
2021; Zeng et al., 2021). However, the viscosity of the CS-80 starch gel 
was higher than that of the CS-90 starch gel in the higher shear rate 
region, which was mainly due to the higher content of long chain 
branches in the CS-90 sample. In the high shear rate region, long chain 
branches (DP ≥ 25) promote chain unfolding and orientation, and the 
resulting structures are more sensitive to shear and exhibit strong 
non-Newtonian flow behavior (shear-thinning behavior) (Liu et al., 
2021). 

3.5.2. Frequency sweep 
In the self-supporting stage of 3D printing, the material itself needs to 

have sufficient structural strength to maintain the stability of the 
structure, and G′ has an important influence on this stage (Cui et al., 
2021a, 2021b). G′ can reflect the structural strength of the material itself 
to a certain extent. Generally, materials with sufficient structural 
strength will show better self-supporting performance. G′, expressed as 
elastic-like solid behavior, is the energy stored during dynamic oscilla
tions. G′′ represents the energy dissipated and is related to viscous or 
liquid-like behavior. As shown in Fig. 5, at the same frequency, the G′ of 
all samples was larger than G′′, indicating the elastic behavior of starch 
gel samples, which is beneficial for shape stability after 3D printing 
(Phuhongsung, Zhang, & Bhandari, 2020). With the increase in treat
ment temperature from 65 to 100 ◦C, the G′ of the starch gels first 
increased and then decreased and reached a maximum at a treatment 
temperature of 80 ◦C, indicating that a stronger network structure is 
formed at this temperature, exhibiting stronger solid-like behavior. The 
increase in the G′ value was mainly attributed to leaching of a higher 
amylose content, which contributed to a higher level of gelation, thereby 
increasing the gel strength (Muscat, Adhikari, Adhikari, & Chaudhary, 
2012; Zhong et al., 2022). Moreover, the formation of new crystal 
structures for starch gels treated at higher temperatures also helps to 

Fig. 3. FTIR spectra of corn starch treated at different temperatures.  

Fig. 4. Viscosity versus shear rate profile of corn starch treated at different 
temperatures. 
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improve the structural strength of starch gel systems (Zeng et al., 2021). 
On the other hand, the increase in treatment temperature also increased 
the content of short chain branches (DP 6–12) in the starch gel, which 
inhibited the interaction between the main chains, resulting in fewer 
connections in the network structure and a lower G′ value (Liu et al., 
2021). 

3.5.3. Stress sweep rheological study 
Flow stress (τf) refers to the stress value of G’ = G′′ during the stress 

scanning process, which is used to characterize the force required to 
make the material flow and can be also used to reflect the difficulty of 
extruding the material during extrusion 3D printing. Fig. 6 shows the 
change in stress sweep for starch samples of different treatment tem
peratures. When the strain is 1–20 Pa, the G′ and G′′ values of the CS 
slurry basically do not change with the strain, indicating that the CS 
slurry is in the linear viscoelastic region, and its network structure un
dergoes reversible deformation without damage. When the strain is 
greater than 20.8 Pa, the G′ value of the CS-65 sample greatly decreases, 
while the G′′ value increases, and the intersection of G′ and G′′ appears at 
a strain of 65 Pa. This result indicates that the network connection of the 
CS-65 starch gel samples is dynamically changing in the transition re
gion. With increasing strain, the main chain of starch unfolds, while part 
of the long branch chain is entangled under shearing. At this point, both 
the creation and loss rates of connections are positive, resulting in a state 
of equilibrium where the creation rate is less than the loss rate, resulting 
in weakened chain tangles. This further disrupts the cohesion of the 
network structure, leading to the emergence of yield points. The τf of 
samples increased with increasing temperature from 60 to 80 ◦C, 

indicating that CS-65 starch gel samples flow out more easily. The τf 
values of CS-100 and CS-90 were higher than 1000 Pa. These results 
showed that starch gels with higher temperature treatment exhibited 
lower extrudability. The abovementioned results may be explained by 
the fact that the increase in τf of the starch gels obtained at higher 
temperatures was attributed to the decrease in long branch chains (DP >
12) and the increase in short chains (DP 6–12), which contributes to the 
densification of the starch gel structure (Mario et al., 2018). This dense 
structure results in the incompressibility of the material when subjected 
to force. In contrast, the starch structures with longer starch chains (DP 
> 12) have greater steric hindrance, causing them to be more easily 
compressed when stressed and reaching the τf point more easily. 

3.5.4. Thixotropic test 
The material will be subjected to different degrees of shear force 

during the extrusion 3D printing process. When it is in the storage cyl
inder, it is subjected to low shear force, and when it passes through the 
nozzle, it undergoes a high shear process. For extrusion 3D printed 
materials, it is not only required to be easily extruded from the nozzle 
under high shear but also to maintain sufficient mechanical integrity 
after extrusion. That is, the printing material needs to have fast response 
characteristics to shear strain to ensure that the material, extruded from 
the nozzle, can quickly recover to a certain structural strength. There
fore, it is very meaningful to explore the response characteristics of the 
viscosity of starch systems to shear stress for characterizing the thixo
tropic properties of each starch sample. The thixotropy test can obtain 
information on the damage and recovery degree of the internal structure 
of the starch sample under the action of low shear or high shear. 

All starch gel systems exhibit a significant decrease in the η value 
under high strain and rapid recovery under low strain (Fig. 7a), indi
cating that these starch gel systems have fast response characteristics to 
strain changes. According to the theory of polymer conformational 
change, this phenomenon can be seen as a self-healing property of the 
physical cross-links of the network structure. The decrease in the η value 
under high shear strain is due to the orientation of the flexible starch 
macromolecular chains along the shear direction, which leads to a 
decrease in the conformational entropy of the paste system. The mo
lecular conformation is partially or completely restored, resulting in a 
gradual recovery of the η value. With increasing temperature, the shear 
recovery rate of starch gel showed a trend of first increasing and then 
decreasing (Fig. 7b), and there was a maximum value at the treatment 
temperature of 80 ◦C. The increase in the shear recovery rate is due to 
the leaching of amylose in the starch gel system due to high temperature, 
which can form more hydrogen bonds with other starch chains and 
promote the reconstruction process of the shear-damaged starch gel 
microstructure. The FTIR results also supported the abovementioned 
analysis. The decrease in shear recovery was attributable to the higher 
short amylose content, which inhibited the interaction between the 
main chains, and there were fewer connections in the network structure. 
In particular, although the CS-100 sample exhibited the highest viscosity 

Fig. 5. Storage modulus and loss modulus of corn starch gels treated at different temperatures.  

Fig. 6. Stress sweeps for different treatment temperatures of corn starch gels.  
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before shearing, the CS-80 sample exhibited the highest viscosity after 
being subjected to high shear, which is beneficial to the structural sta
bility after extrusion (Liu, Bhesh, Sangeeta, Sylvester, & Min, 2018). 

3.6. Printability 

The corn starch gels were extruded for 3D printing, and the line 
width and number of layers (Table 2) was related with printing precision 
and structural strength, respectively (Chen, Xie, Chen, & Zheng, 2018). 
After the starch material was extruded and printed by a nozzle with a 
diameter of 0.84 mm, the wire width was significantly larger than 0.84 
mm, indicating the occurrence of the extrusion swelling phenomenon. 
When the viscoelastic material was extruded through a small diameter 
nozzle, the wire size was significantly affected. Generally, the smaller is 
the wire width, the smoother and denser is the wire surface, and the 
higher is the resolution of the printed physical model. With increasing 
processing temperature (from 65 to 100 ◦C), the line width of starch 
gradually decreased, indicating that higher temperature may improve 
the printing precision of starch gels. The number of printed layers first 
increases and then decreases with increasing temperature. When the 
printing temperature is 80 ◦C, the number of printed layers is the largest. 
With the increase of the processing temperature, the storage modulus 
and τf of the starch material continue to increase, and the mechanical 
properties continue to increase. Therefore, the material can withstand 
more printing layers without collapse and deformation. When the tem
perature is 80 ◦C, the number of printing layers of starch material can 
reach approximately 56 layers. However, the large flow stress may cause 
the material to not be ejected from the nozzle smoothly, reducing the 
continuity of the printing system and reducing the number of printing 
layers. 

As shown in Fig. 8, the samples printed by CS-80 gel was closed to the 
set model. The CS-65 gel printed sample collapsed and showed an 
extremely irregular shape, indicating poor printing performance. The 
edges of the products printed by CS-70 gel were not clear, and the lines 
cross each other. This was attributed the wider lines of starch gels, which 
reduced printing accuracy. Compered to CS-70 gel, CS -80, CS-90 and 

CS-100 gels showed the shape of more rectangular printed product. 
However, the edges appeared some small bumps and wrinkles for CS-90 
and CS-100 gels. This was due to the higher flow stress, starch gels were 
difficult to be extruded from the plugging nozzle, resulting in discon
tinuous printing that reduced the fidelity of the printed object. 

3.7. Starch molecular structural contributions to rheological properties 
and printability 

The changes in starch structure under different treatment tempera
tures are shown in Fig. 9. Thus, the effect of the chain structure caused 
by the starch treatment temperature on the rheological properties and 
printability of starch materials can be elaborated. Comparing changes in 
rheological properties and starch structure, it was clear that the starch 
chain structure significantly affects the crystal content and network 
structure of starch gels, which is important for the viscosity and struc
tural strength of the starch gel system (Zeng et al., 2021). 

Although the starch particle residue still retains some original crys
talline properties (such as CS-65 and CS-70), it has a limited impact on 
structural strength. Because most of the starch molecular chains of the 
macromolecular network are confined in the granules, it is difficult to 
form a denser starch gel network. As previously studied, interactions 
within free starch chains in gelling systems cause extensive cross- 
linking, which is important for the formation of tight network struc
tures (Chen et al., 2019). With the increase in the treatment tempera
ture, the amylose is slowly leached out, and the starch chains are 
extensively cross-linked, forming a cross-linked network structure, 
which is beneficial to the enhancement of mechanical properties and 
viscosity. Meanwhile, amylose and lipids form new crystal structures, 
which improve mechanical properties (Zeng et al., 2021). On the other 
hand, higher temperature increases the content of short amylopectin 
(DP 6–12), which increases the density of the starch microstructure and 
its τf, making it difficult for it to flow and extrude. Ji et al. (2022) also 
reported that the long amylopectin chains (DP 36–100) was able to in
crease the hardness of the gels, but this was not conducive to material 
fluidity during 3D printing. On the other hands, Yi, Zhu, Bao, Quan, and 
Yang (2020) reported that the decrease of amylopectin chains for 13 < X 
≤ 24 induced the springiness of fresh rice noodles. In this study, this was 
confirmed by CS gel samples treatment temperature from 65 ◦C to 80 ◦C. 
Meanwhile, short amylopectin chains at higher temperature had high 
mobility, which may destroy the interaction between long starch chains, 
resulting in unstable gel network structure and weakened structural 
strength. Therefore, compared with CS-80 gel sample, CS-90 and CS-100 
gel samples exhibited lower G′ and print layers. 

4. Conclusion 

This study reveals the influence of the changes in the molecular 

Fig. 7. Alternate strain sweep tests showing η at different temperatures in response to high (100%) and low (1%) oscillatory strains (a) and shear recovery rates (b) 
for different treatment temperatures of corn starch gels. 

Table 2 
Line width and number of printing layers of corn starch gels treated at different 
temperatures.  

Sample Line width(mm) Number of printing layers 

CS-65 1.91 ± 0.04a 24±2d 
CS-70 1.42 ± 0.06b 41±1b 
CS-80 1.05 ± 0.03c 56±1a 
CS-90 0.85 ± 0.02d 43±2b 
CS-100 0.91 ± 0.05d 35±2c 

Different lowercase letters within the same column indicate significant differ
ences between the samples (p < 0.05). 
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structure of starch caused by treatment temperature on the rheological 
properties and printability of starch gels. It was observed that with 
increasing treatment temperature, the leached amylose content and 
short linear chains (DP 6–12) of corn starch increased, whereas the 
contents of long linear chains (DP > 12) of amylopectin decreased. Due 
to the presence of the original granules and crystalline structure, the CS- 
65 starch gel presented a poor G′. The leaching of amylose promotes the 
formation of new crystals in starch gels, which is helpful in G′. As the 
treatment temperature increased, the viscosity and τf of the starch gel 
samples increased, which was not conducive to extrusion during the 3D 
printing process. The starch gel samples exhibited the highest G′, shear 
recovery rate, number of printed layers and printing precision when 
treated at 80 ◦C. Enhanced treatment temperature can promote gelati
nization of starch and release amylose chains to form gels, whereas 
temperatures that are too high reduce the effective interaction of starch 
chains due to the production of short amylopectin. In conclusion, this 
work provides important information for 3D printing to design person
alized high-quality starch-based foods. In the future, the relationship 
between starch chain structure and its 3D printing properties can be 
further clarified. 
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