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ABSTRACT: Hydrocolloids are widely used in meat products and pureed foods as they o�er thickening and viscosity-

enhancing e�ects that facilitate shaping and improve stability. In this study, the static shear rheological and dynamic

viscoelastic properties of pumpkin puree (S) and pork mince (P) with the addition of various hydrocolloids were

considered. Dedicated material printing experiments were conducted by means of a three-dimensional printing

platform by using a coaxial dual-nozzle for sandwich composite printing of four di�erent materials. In particular, the

impact of di�erent process parameters (printing speed 10~30 mm/s, �lling density 10%~50%) was assessed in terms of

3D printing adaptability and �nal shape of the pumpkin puree-porkmince products.�e results have indicated that the

addition of hydrocolloids signi�cantly improves the rheological properties of these materials, enhancing their stability

in the 3D printing process. Experiments have revealed that with an increase in the xanthan gum conte nt, the viscosity

of pumpkin puree decreases. �e relationship between the elastic modulus and viscous modulus for the minced pork

follows the inequality P4 < P3 < P2 < P1 (1.17%, 1.75%, 2.13%, and 2.88% xanthan gum content, respectively). A “material

formula” (detailed composition of the material) suitable for 3D food printing has been derived accordingly.
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1 Introduction

In the rapidly developing �eld of food science and technology today, 3Dprinting technology has brought

revolutionary changes to the food industry with its unique innovation and customization capabilities. �is

technology can not only create foods with complex shapes and structures but also provide customized food

solutions for speci�c groups of people, such as patients with dysphagia. �is article focuses on a key aspect

of 3D food printing technology—the study of the rheological properties of food materials [1–3].

Currently, many scholars have conducted research on the rheological properties of food materials.

Lecanu et al. [4] predicted the gravity-driven �ow of power-law �uids in a syringe and applied it to the

rheological mapping for IDDSI (International Dysphagia Diet Standardisation Initiative) classi�cation.

Kadirvel and Narayana [5] extensively explored the extraction, processing, and application of edible gums

in the food and healthcare sectors, as well as the functions of edible gums in changing rheology, gel

formation, stability, encapsulation, and fat substitution. Chen et al. [6] studied the rheological properties,

printability, and 3D printed geometries of mixtures of soy protein isolate (SPI) with sodium alginate and

gelatin.�e experimental results showed that SPI and itsmixtures exhibited shear-thinning behavior,making

them ideal materials for 3D printing. Li et al. [7] studied the e�ects of salt valency and ionic strength on

the rheological properties and 3D printing performance of walnut protein emulsion gels. �e results of

Copyright © 2025�e Authors. Published by Tech Science Press.
�is work is licensed under a Creative Commons Attribution 4.0 International License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

https://www.techscience.com/journal/FDMP
https://www.techscience.com/
http://dx.doi.org/10.32604/fdmp.2025.062295
https://www.techscience.com/doi/10.32604/fdmp.2025.062295
mailto:


1440 Fluid Dyn Mater Process. 2025;21(6)

rheological measurements and Lissajous curves indicated that the addition of salt enhanced the mechanical

strength and deformation resistance of the gels. Mallesham et al. [8] used xanthan gum to improve the

structural stability of 3D-printed cakes and conducted rheological and post-processing analyses. Jiang

et al. [9] investigated the fermentation process of starch-gluten mixtures using near-infrared spectroscopy

(NIR) and multivariate analysis. �ey predicted the storage modulus (G′), loss modulus (G′′), complex

viscosity (η), and loss factor (tan δ).

�e addition of edible gums a�ects the stability of food structure, but their application in 3D food

printing is relatively limited, and the impact of their addition on the e�ect of 3D food printing needs further

exploration. Process parameters such as printing speed and material �lling density also play a crucial role in

improving the structural stability of the printed products.

�e combination of pumpkin puree and minced pork not only complements each other nutritionally

but also provides ideal rheological properties for 3D printing. Pumpkin puree is rich in dietary �ber and

vitamins, while minced pork o�ers high-quality protein.�is combination canmeet the nutritional needs of

speci�c populations, such as the elderly or patients with dysphagia. Moreover, the combination of the high

water content of pumpkin puree and the adhesive properties of minced pork can improve the �owability and

formability of the printing material, thereby enhancing the feasibility and quality of 3D printing. Pumpkin

puree and pork mince materials cannot be directly used for 3D printing. It is necessary to add edible

hydrocolloids to improve the viscosity, elasticity, and other rheological properties of the materials, thus

obtaining a suitable material ratio for 3D printing to enhance the printability of the materials. Xanthan

gum, as an e�cient thickening and stabilizing agent, can signi�cantly enhance the rheological properties

of the printing material. By incorporating xanthan gum, the viscosity and elasticity of minced pork are

increased, thereby improving the stability and precision of the printing process. Additionally, xanthan

gum helps prevent excessive �ow or collapse of the material during printing, ensuring the integrity of the

printed structure. Unmodi�ed corn starch has good solubility and stability, which can combine with the

characteristics of pumpkin puree to further improve the rheological properties of the printing material.

During the processing, corn starch exhibits good plasticity, which helps enhance the formability and printing

quality of the printing material.

�is paper provides an in-depth analysis of the static shear rheological properties and dynamic

viscoelastic properties of two commonly used food materials, pumpkin puree and minced pork, a�er the

addition of xanthan gum and starch. By adjusting the concentrations of these ingredients, the rheological

properties and printability of the 3D printing materials were optimized. Di�erent combinations of concen-

trations helped us identify the optimal formulation to achieve ideal printing results, including good extrusion

performance, shaping accuracy, and structural stability. �rough rheological measurements of di�erent

formulations of foodmaterials, we successfully developedmaterial formulations suitable for 3D food printing

and consumption by patients with dysphagia, which were veri�ed through printing experiments on the

experimental platform. Additionally, based on the International Dysphagia Diet Standardisation Initiative

(IDDSI), we conducted texture measurements on the modi�ed food materials. �is sandwich structure

ensures the safety and applicability of the food while maintaining the stability and aesthetic appeal of the

structure. Moreover, this experimental design can also provide a reference for the future development of

more food materials suitable for 3D printing.
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2 Materials and Methods

2.1 Materials and Reagents

2.1.1 Pumpkin Puree Material

In this study, pumpkins with a moisture content of 75%–80% were selected and stored in a refrigerator

at 4○C, to be used within three days. �e cleaned pumpkin was peeled, seeded, and cut into small pieces,

then placed in a steamer. �e water level for steaming was kept below the height of the pumpkin pieces. �e

pumpkin was steamed for about 15–20 min until it became so� and tender, easily pierced with a chopstick.

�e steamed pumpkin pieces were then transferred to a blender, along with a small amount of the water

produced during the steaming process.�e pumpkin was blended into a smooth puree and sieved to remove

�bers and particles. �e pumpkin puree was then stored in a sealed container in the refrigerator at 4○C

for up to three days before use. Based on preliminary experimental planning, four paste formulations were

prepared, as shown in Table 1.

Table 1: Preparation parameters of di�erent formulations of pumpkin puree

Materials S1 S2 S1A S2A

Pumpkin (%) 97.1 94.4 96.9 94.2

Starch (%) 2.9 5.6 2.9 5.6

Xanthan gum (%) 0 0 0.2 0.2

�e addition of xanthan gum and starch in�uenced the size of particles in the pumpkin puree composite

gel, forming a weak gel-like structure. Each colloidal mixture was supplemented with 6% water, manually

shaken for 2 min to mix, and then stored in a covered tube in a refrigerator at 0–4○C for 2 h to allow for

adequate hydration. Although a lower water content and shorter hydration time may limit the completeness

of hydration, by optimizing the proportions of other ingredients (such as xanthan gum and starch), we were

able to ensure that the material has good rheological properties during the printing process.

2.1.2 Minced Pork Ingredients

In this study, fresh pork loin was selected, from which connective tissue and fat were removed and

divided into three batches. Each batch of pork was vacuum packaged and stored at −5○C until use. Based

on the research requirements, four material formulations were initially prepared, and the resulting material

samples were labeled P1, P2, P3, and P4, as shown in Table 2.

Table 2: Preparation parameters of di�erent formula of minced pork

Materials P1 P2 P3 P4

Minced pork (%) 51.53 51.15 50.97 50.72

Water (%) 46.3 46.1 45.9 45.4

Xanthan gum (%) 1.17 1.75 2.13 2.88

Salt (%) 1 1 1 1

Each water-colloid mixture was manually shaken for 2 min to ensure mixing, and then stored in a

covered tube in a refrigerator at 0–4○C for 2 h to allow for hydration. �e pork was thawed at 0–4○C before

cooking. �e meat blocks were placed in a pot and boiled for 20 min. �e cooked pork was cooled under
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running water and then refrigerated for 1.5 h. It was then ground using a multi-functional meat grinder.�e

ground pork was put into an oven set at 90○C for 3 h of drying. A�er being si�ed through a �ne mesh, it was

mixed with the xanthan gummixture in the meat grinder and stirred at speed 1 for 40 s to create the minced

pork samples. When processing the pork sample, we used a sieve with a mesh size of 0.5 mm for sieving.�e

choice of this mesh size was to ensure the uniformity of the particle size of theminced pork, thereby avoiding

the non-uniform viscosity of themixture caused by oversized particles.�rough the sieving process, we were

able to obtain �ner minced pork, which in turn improved the overall �owability of the printing material and

the printing quality.

�e selection of these ratios took into account both the nutritional properties of the materials and the

rheological requirements during the printing process. In the two formulations, the adjustment of the ratios

of xanthan gum and starch was aimed at optimizing the viscoelasticity and extrusion performance of the

materials, while the ratios of pumpkin puree and minced pork were adjusted to balance nutrition and taste.

2.2 Measurement of Material Rheology

In this study, a Discovery TA-HR-10 rheometer was used to analyze the rheological properties of the

materials. Commonly used testing �xtures include the concentric cylinder, cone and plate, parallel plate, and

plate and ring types, among others. �is paper utilizes a parallel plate measurement system.

�is study utilized a rheometer to conduct both static and dynamic rheological measurements and

analysis of the materials. �e speci�c steps for the static rheological tests are as follows: A parallel plate with

a diameter of 50 mm and a gap distance of 2 mm was used, with the test plate gap set to 1000 µm, the test

temperature was maintained at 25○C, and the shear rate range was from 0.1 to 90, observing the trend of

shear viscosity change with shear rate. Dynamic rheological properties of the materials were measured using

dynamic oscillation frequency scanning. Parameters for dynamic rheological testing: strain was set at 0.1%,

the indoor testing environment temperature is 25○C, humidity is controlled between 40% and 60% relative

humidity (RH), and the scanning frequency ranged from0.1 to 10Hz, analyzing the dependence of the storage

modulus (G′), loss modulus (G′′), and loss tangent (tan δ) on frequency [10].

2.3 Experimental Methods

2.3.1 Analysis of Static Shear Rheological Properties

Materials for extrusion-based 3D food printing must possess shear-thinning properties. Materials that

exhibit shear-thinning behavior are easier to extrude at high shear rates during the 3D printing process and

maintain their structure a�er deposition. �is paper employs Analysis of Variance (ANOVA) and multiple

comparison tests to assess the in�uence of various factors in food hydrocolloids and the printing process

on response variables (such as rheological properties, printing accuracy, and structural stability). �ese

statistical methods will aid in interpreting the experimental results more scienti�cally and provide data

support for further discussions.

Fig. 1 illustrates the relationship betweenmaterial viscosity and shear rate to evaluate the shear-thinning

rheological properties. All samples exhibit signi�cant non-Newtonian shear-thinning behavior, with the

viscosity of the pumpkin puree gradually decreasing as the shear rate increases. �is indicates that the

pumpkin puree material is a pseudoplastic �uid, having high viscosity at low shear rates [11].

Under the same shear rate, the addition of cornstarch reduced the viscosity of the pumpkin puree

material.�e viscosity of all samples from highest to lowest is S1 > S2 > S1A > S2A, indicating that cornstarch
can increase the �uidity of the pumpkin puree, thereby reducing the mechanical negative pressure during

the 3D printing process, which is conducive to extrusion.
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Figure 1: �e change of viscosity of pumpkin mud material with shear rate

Due to the mutual repulsion between the negatively charged starch and the negatively charged side

chains of xanthan gum, it makes the starch di�cult to gelatinize, thus the addition of xanthan gum reduces

the viscosity of the material [12–15]. �e viscosity of the material samples S1A and S2A, with xanthan gum

added, is lower than that of the samples S1 and S2 without xanthan gum added.

Based on the power-law �uid mechanics equation, the viscosity and shear rate data of the pumpkin

puree material with di�erent hydrocolloids added were �tted using the Origin so�ware to obtain the non-

Newtonian index n and the consistency coe�cient k of the pumpkin puree material [16]. As can be seen

from Table 3, the �tting coe�cient R2 of the pumpkin puree material is above 0.995, indicating that the

equation has a high degree of accuracy for the material’s static rheological data [17].

Table 3: �e �ow property parameters obtained by power law model �tting

Material Non-Newtonian indices (n) Consistency factor (k) Underlying index (R2)

S1 0.264 ± 0.016 307.19 ± 5.98 0.995

S2 0.185 ± 0.008 237.47 ± 2.33 0.998

S1A 0.226 ± 0.004 178.53 ± 1.00 0.999

S2A 0.275 ± 0.005 180.92 ± 1.14 0.999

�e non-Newtonian index n is less than 1, indicating that the pumpkin puree material with added

xanthan gum and cornstarch is a non-Newtonian pseudoplastic �uid.�e smaller the value of n, the stronger

the pseudoplasticity [18]. �e pumpkin puree materials S2 and S1A in the table have smaller n values,

indicating that the material exhibits high viscosity at low shear rates and low viscosity with certain �uidity

at high shear rates, which �ts well with the force changes of the material during the 3D printing process, the

smaller the n value, the easier it is for the material to be extruded.

�e consistency coe�cient k re�ects the thickening ability of the material, with the order from largest

to smallest being S1 > S2 > S2A > S1A. Among them, the properties of S1A (178.53 Pa ⋅ s) and S2A

(180.92 Pa ⋅ s) are closer, indicating that the combination of xanthan gum and cornstarch reduces the

thickening ability. Enhanced the printability of the material.



1444 Fluid Dyn Mater Process. 2025;21(6)

�e variation of minced pork viscosity with shear rate is shown in Fig. 2. As can be seen from the �gure,

the apparent viscosity of the pork sample material signi�cantly decreases with the increase of shear rate [19].

With the increase of xanthan gum addition, the apparent viscosity of the sample signi�cantly increases, and

there is a positive correlation between the amount of xanthan gum added and the apparent viscosity of the

material, with the relationship between sample viscosities being P1 < P2 < P3 < P4. �e addition of xanthan

gum enhances the shear-thinning ability, self-supporting ability, and 3D printing capability of the pork paste.

Material P4 has excessively high viscosity at low shear rates, which can easily lead to di�culties in extrusion

through the nozzle.

Figure 2: �e change of viscosity of minced pork material with shear rate

�e shape stability of the printed product is related to the material’s yield stress. As can be seen

from Table 4, with the addition of xanthan gum, the yield stress of the minced pork material contin-

ues to increase, indicating that its stability is improved, with su�cient mechanical strength and shape

retention capability.

Table 4: Material yield stress parameters

Material P1 P2 P3 P4

Yield stress (Pa) 303.6 ± 6.29 327.2 ± 7.45 370.8 ± 6.48 464.2 ± 8.18

2.3.2 Analysis of Dynamic Viscoelastic Rheological Properties

By scanning the frequency, one can understand the material’s response to impact or gradually applied

forces, thereby obtaining the material’s viscoelastic modulus.

Frequency scanning studies provide information on how materials respond to di�erent frequencies. In

the �eld of food research, the typical frequency range is between 0.1 and 10 Hz.�e adaptability of materials

for 3Dprinting includes extrudability and supportability.�e storagemodulus (G′) represents themagnitude

of the material’s elasticity; while the loss modulus (G′′) and apparent viscosity represent the size of the

material’s viscosity.
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G′ represents the elastic solid-like behavior and the mechanical strength of the material’s resistance to

compression deformation. Research indicates that materials with a higher G′ are advantageous for extrusion

and exhibit strong shape retention a�er extrusion.

From Fig. 3, it can be seen that G′′ is signi�cantly lower than G′, and both G′ and G′′ are related to

frequency, indicating that thematerial samples are primarily elastic. Such highly elasticmaterials are prone to

expansion during extrusion due to the lack of constraining forces from the printer nozzle walls. At the same

frequency, as the content of starch or xanthan gum increases, G′ and G′′ gradually decrease. �is suggests

that the amount of added cornstarch or xanthan gum is related to the material’s viscoelasticity.

Figure 3: Dynamic rheological curves of pumpkinmudmaterials under di�erent hydrophilic colloid additions; (a)�e
storage modulus is a�ected by the change in frequency; (b) �e loss modulus is a�ected by the change in frequency

Within the range of 0.1 to 10 Hz, the G′ and G′′ values of all samples increase with the increase in

frequency. All pumpkin samplematerials exhibit a solid-like structure, withG′ values higher thanG′′. Sample

S2A has the lowest G′ and G′′ values, indicating that this material has the weakest self-supporting ability.

A�er adding di�erent hydrocolloids, G′ and G′′ decrease to varying degrees. �e order of the storage

modulusG′ and the lossmodulusG′′ is S1 > S2 > S1A > S2A. Sample S2 has a storagemodulusG′ value close to

S1A, which is consistent with the results of the previous static rheological analysis. Sample S2A has the lowest

G′ and G′′ values, indicating the weakest self-supporting ability of the sample; Sample S1 has the highest

storage modulus G′ and loss modulus G′′, indicating that the material has higher viscosity and elasticity,

showing strong stability under external forces, but also prone to extrusion di�culties.

As shown in Fig. 4, within the linear viscoelastic range, the range of the loss tangent is between 0.13 and

0.25, indicating that the pumpkin puree mixture has the potential to form an elastic gel or gel-like structure.

�e larger the value, the greater the proportion of viscosity of the material, and the stronger the �uidity;

the smaller the value indicates more solid-like behavior and poorer �uidity. �e values of the four groups

of samples from largest to smallest are S2A > S1A > S2 > S1, therefore, considering the material’s printing

support ability and extrusion e�ect, samples S2 and S1A are more suitable for actual printing.

�e self-supporting ability of the material deposited on the printing platform is related to the modulus

from the storage modulus and loss modulus. Fig. 5 represents the dynamic rheological characteristics of the

minced pork under the action of xanthan gum. It can be seen from the �gure that within the range of 0.1
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to 10 Hz, the G′ and G′′ values of all samples increase with the increase of frequency. When the frequency

continues to increase up to 4 Hz, the storage modulus and loss modulus of the minced pork material rise

slowly and the growth rate tends to stabilize.

Figure 4: Loss tangent curve with frequency of S

Figure 5: Dynamic rheological properties of pork paste materials added with xanthan gum; (a) �e storage modulus
is a�ected by the change in frequency; (b) �e loss modulus is a�ected by the change in frequency

As shown in Fig. 5, among all the formulations, the relationship between the material’s elastic modulus

and viscous modulus is P4 < P3 < P2 < P1. When the addition of xanthan gum is 1.75% (P2) and 2.13% (P3),

the values of the storage modulus and loss modulus of the two materials are close.

From Fig. 5, it can be observed that within the range of 0.1 to 10Hz, for all samples, G′ is greater thanG′′,

which is bene�cial for the support and shape retention between layers of the �nished product a�er printing.

When subjected to external forces, thematerial system can provide good support and is less likely to collapse.
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�e values of G′ and G′′ for the material decrease with the increase in the addition of xanthan gum.

Sample P4has the lowestG′ andG′′ values, indicating that thismaterial has poor shape retention andmolding

e�ect during the 3D printing process. Sample P1 has a higher G′ than other experimental groups, thus the

change in the elastic element is signi�cant, which is not conducive to extrusion during printing.

�e loss tangent is used to characterize the viscoelastic behavior of the material. As can be seen

from Fig. 6, for all formulations, the loss tangent is within the range of 0.25 to 0.3, which is less than 1,

indicating that the minced pork material is an elastic �uid with strong intermolecular cross-linking and

prominent solid characteristics. A�er the addition of xanthan gum, the loss tangent increases with the

increase of the proportion of xanthan gum, and the mixed system exhibits superior viscoelasticity. �is

indicates that the addition of xanthan gum is bene�cial for maintaining the shape stability of the material

when printing withminced pork.�e smaller the loss tangent, the greater the internal dissipation or internal

friction force, and the stronger the system’s ability to dissipate energy. �erefore, considering the material’s

printing support and extrusion e�ects comprehensively, it is more appropriate to choose samples P2 and P3

for actual printing.

Figure 6: Loss tangent curve with frequency of P

2.3.3 Texture Improvement Pumpkin Puree, Minced Pork 3D Printing

Patients with dysphagia typically consume pureed foods, which o�en have limited visual appeal and

can easily lead to a decreased appetite and reduced nutritional intake. Food 3D printing technology can

provide personalized shaping and nutritional customization for these pureed foods, helping to improve the

nutritional intake of patients with dysphagia.

IDDSI Test Method

�e measurement of the material’s texture is based on the methods described in the International

Dysphagia Diet Standardization Initiative (IDDSI). �e IDDSI framework classi�es thickened liquids and

food with modi�ed texture into levels 0 to 7 based on viscosity and texture (as shown in Fig. 7). �e IDDSI

method uses basic tools such as a 10-mL syringe, a standard metal fork, chopsticks, or �ngers.

Paste-like foods are one of the categories suitable for dysphagia diets, and IDDSI provides several

methods for testing the hardness, cohesion, and adhesiveness of materials using household items.
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Figure 7: International dysphagia standardization initiative (IDDSI)

�is study adopts the spoon tilt test and fork pressure test [20].�e spoon tilt test assesses the cohesion

of the food by checking whether it slides o� the spoon, characterized by the food maintaining its shape on

the spoon and falling o� as a whole. �e test for food adhesiveness is conducted by tilting the spoon to 90

degrees, where the sample should slide out of the spoon without sticking or leaving minimal residue.

�e fork pressure test is used to evaluate the hardness of the food and to show how easily it breaks down

under the pressure of a fork.�e amount of pressure required is measured by observing the blanching of the

thumbnail, which is the same pressure as that applied by the tongue during swallowing. If the food breaks

without the thumbnail turning white, then the food is at a lower IDDSI level.

Line Printing Experiments

Printing process parameters can a�ect the printing e�ect and precision of the pumpkin puree-pork

mince material. �e nozzle diameter determines the diameter of the extruded lines and the height when the

lines are stacked. �erefore, the initial printing height and layer height should be consistent with the nozzle

diameter to avoid the extruded lines being crushed or failing to make contact with the platform.

Printing speed refers to the movement speed of the print head relative to the printing platform during

printing. Printing speed that is too fast or too slow can have a certain impact on the quality of the product.

To assess the quality of the printed products, line printing experiments are conducted. �ree di�erent

situations can be expected (as shown in Fig. 8). When the printing speed is too high, the printed product

lines, due to insu�cient extrusion of the printing material, cannot keep up with the printing speed in time,

resulting in under-extrusion with printing breaks and uneven material output; when the printing speed

is too low, the thickness of the printed product lines is much greater than the nozzle diameter, and the

designed details are also lost. �e nozzle will �atten the lines and drag across the previously printed area,

resulting in an over-extrusion state; the printed product lines will achieve the desired e�ect only when the

nozzle extrusion speed and the printhead movement speed are relatively appropriate and balanced with

each other.
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Figure 8: Nozzle extrusion e�ect diagram

In this experiment, the 3D printing model designed is an S-shaped line, studying the impact of print

head printing speed on the adaptability of pumpkin puree-pork mince material to 3D printing. Five printing

speeds (10, 15, 20, 25, 30 mm/s) are set for line printing tests. �e printing accuracy is assessed based on the

diameter of the printed line (i.e., roundness). �e diameter of the printed line is predicted using the volume

conservation and assuming the elliptical cross-sectional area of the printed product.

Q

V
= A =

πab

4
(1)

In the formula, Q represents the volumetric extrusion rate (mm3/s), A represents the cross-sectional

area of the nozzle (mm2), V represents the printing speed (mm/s), a and b represent the width and height,

respectively, of the elliptical cross-section of the �nished product (mm).

a =

√
4

πc
A (2)

c =
b

a
(3)

�e aspect ratio c is de�ned as the ratio of height to width. If the cross-section is a circle, then c = 1;

however, if there is linear distortion, then c < 1.

Cylindrical Printing Experiments

Printing �ll density refers to the compactness of the internal material �lling in a 3D printed product,

that is, the percentage of internal material �lled [21].�e greater the printing �ll density, the smaller the gaps

between printed lines, the more compact the internal structure, and the better the support of the �nished

product, and vice versa. A cylindrical body with a diameter of 50 mm and a height of 25 mm was generated

using slicing so�ware. Four di�erent �ll densities were used (0%, 20%, 40%, and 50%).

By printing cylindrical bodies with di�erent �lling levels and measuring the height of the cylinder a�er

printing is completed, the 3D characteristic quality of the printed product can be obtained.�is information
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provides a potential relationship between the shape retention of the printing material and the material’s

rheological properties. �e method of accuracy evaluation is as follows.

η = (1 − ∣Hs −Hm

Hm

∣) × 100 (4)

In the formula, η represents the printing accuracy;Hs is the height dimension of the 3D printed product

(in millimeters); Hm is the dimension of the designed 3D printed model (in millimeters).

3 Results and Analysis

3.1 IDDSI Test Results

�e IDDSI categorizes modi�ed foods into eight levels (0–7) and has proposed a series of testing

methods to con�rm whether the texture of the material meets the dietary requirements for patients with

dysphagia. In this paper, a spoon tilt test and a fork pressure test were conducted on 3D printed samples of

bite-sized portions.

(1) Spoon tilt experiment

�e pumpkin puree material complies with level 4 of the IDDSI International Dysphagia Food

Standard Framework.

In this experiment, four pumpkin puree formulations were used as research materials, with the amount

of food residue on a spoon serving as an indicator of material adhesiveness. As shown in Fig. 9, both S2 and

S1A can slide o� the spoon with minimal residue and no aggregation, meeting the requirements for Level 4

food characteristics. In contrast, the S1 and S2A formulations, even when the spoon is turned upside down

by 90 degrees, are di�cult to slide o� the spoon and leave a signi�cant amount of residue, obscuring the

spoon’s surface beneath the material. �is indicates that these two formulations have strong adhesiveness

and poor �owability, making them unsuitable for swallowing.�erefore, these twomaterial formulations are

not suitable for patients with dysphagia.

Figure 9: Spoon overturning test

(2) Fork pressure test

�e minced pork material complies with level 6 of the IDDSI International Dysphagia Food Standard

Framework. In this experiment, fourminced pork formula sampleswere tested according to the level 6 IDDSI

protocol. �e printed minced pork material products, measuring 15 by 20 mm, are shown in Fig. 10.
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Figure 10: Pork paste material printing products

Fig. 11 displays the results of the fork pressure test conducted on the printed samples. As shown in the

�gure, samples P1, P2, andP3meet the requirements of level 6 of the IDDSI framework.When the samples are

pressed with the tines of a fork to the pressure that causes the thumbnail to turn white, they �atten, crumble,

and deform, and do not return to their original shape upon removal of the fork. In contrast, sample P4,

during the fork pressure test, causes more whitening of the thumb, requires greater pressure, and has lower

so�ness, which corresponds to the conclusions drawn from the rheological analysis and is not suitable as

material for subsequent printing research.�e texture of samples P2 and P3 ismore suitable for consumption

by patients with dysphagia.

Figure 11: Fork pressure test

3.2 �e Impact of Printing Speed on the Forming E�ect of 3D Printing

�e extrusion speed of the nozzle and its moving speed are collectively referred to as the printing speed

of the printer. �ese parameters a�ect the forming e�ect and printing e�ciency of 3D-printed products

because they alter the length and extrusion volume of the sample within a unit of time [22].

For line printing, the printing process is captured along a straight line, and the printing accuracy is

assessed based on the diameter of the printed line (i.e., its roundness). When the line shows signi�cant

spreading, it will not have a circular cross-section; therefore, the printing accuracy can be evaluated by

the height and width of an elliptical cross-section. A�er optimization, the nozzle extrusion speed was set

within the range of 10–30 mm/s, with a nozzle diameter of 8 mm. Since the printing material is in the form



1452 Fluid Dyn Mater Process. 2025;21(6)

of a composite structure and the ideal cross-sectional shape is circular, the layer height was set to 8 mm,

equivalent to the nozzle diameter.

Fig. 12 presents the cross-sectional view of the dual-nozzle line printing product. Fig. 13 shows the

printing e�ects of the S-line at di�erent nozzle extrusion speeds. It can be seen that both excessively fast and

slow nozzle extrusion speeds have negative impacts on the product quality.

Figure 12: Print the product pro�le

Figure 13: Line printing experimental image

When the nozzle movement speed is too fast, the printed lines of material groups 1© and 2© exhibit

excessive stretching and breaking phenomena [23]. When the movement speed is set at 20 and 25 mm/s,

the printing e�ect for material groups 1© and 2© signi�cantly improves, with the printed product lines being

smooth. However, at a printing speed of 25 mm/s, the lines of the �nished product are thinner than those

at a speed of 20 mm/s. At a printing speed of 20 mm/s, the printing e�ect for material groups 1© and 2© is

optimal, with no uneven extrusion or printing breaks occurring, and the extrusion is su�cient to achieve

uniformly smooth lines of consistent diameter. �is is the best parameter for providing high-quality printed

lines and obtaining exquisite products.

When the nozzle movement speed is set at 15 and 10 mm/s, the printing quality deteriorates, and the

printed products of material groups 1© and 2© exhibit uneven extrusion and accumulation. �e slower the

printing speed, the more pronounced this phenomenon becomes.
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�e closer the aspect ratio c is to 1, the better the printing accuracy, and it can be intuitively seen

from Fig. 14 that with the increase of printing speed, the 3D printing accuracy of material groups 1© and 2©

shows a trend of �rst increasing and then decreasing. When the printing speed is 20 mm/s, the accuracy of

the 3D printed products of the two groups of materials is the best, and the aspect ratio c is about 0.9. When

the printing speed is 10 and 30 mm/s, the aspect ratio c of the material groups 1© and 2© is smaller, and the

printing accuracy is poor. Among the two groups of samples, 2© groups of materials had the best printing

stability, and the accuracy of the 3D printed products was the highest. �is is basically consistent with the

appearance analysis of the 3D printed product in Fig. 13.

Figure 14: �e in�uence of di�erent printing speeds on the accuracy of 3D printing products

3.3 �e E�ect of Filling Density on the Molding E�ect of 3D Printing

�e ability of a printed product to maintain its shape is related to the �lling density at the time of

printing, with the denser the �lling, the better the product’s self-support ability [24]. In this paper, a 40 mm

diameter and 30 mm height cylinder was generated using slicing so�ware. �e printhead print speed is set

to 20 mm/s and the layer height is set to 7 mm.

Figs. 15 and 16 show the cross-sectional view of the �nished product printed with dual printheads and

the 3D printed products with di�erent �lling densities, respectively. With the increase of printing �lling

density, the accuracy of 3D printing of materials (the degree of approximation to a circle) shows an upward

trend. Printed products with a �ll density of 0% have the lowest accuracy at all �ll levels; When the �lling

density is 50%, the printing accuracy of the �nished 3D printed product is the best. During the printing

process, the printed product is subjected to the pressure of gravity, subsequent layers andmoving print heads,

and at a certain time or at a certain height, the existing cylinder will no longer support additional layers, and

the cylinder may collapse.

As shown in Fig. 17, the constructability of thematerial group 2© is the best by analyzing and comparing

the four groups of experimental materials. �erefore, when the printing �lling density is 50%, the printing

accuracy of the 3D printed product in the material group 2© is optimal. When the in�ll density reaches

above 50%, the gravitational force of the printing material can cause the layer height of the lower material to

decrease, and may even lead to collapse.
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Figure 15: Print the product pro�le

Figure 16: Cylinder printing experimental images at four �lling levels

Figure 17: �e in�uence of di�erent printing �lling density on the accuracy of 3D printing products
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4 Conclusion

�e static shear and dynamic viscoelastic rheological properties of pumpkin puree and minced pork

materials with di�erent hydrocolloids were analyzed in this study. A material formula suitable for 3D food

printingwas developed, and a three-dimensional printing experimental platformwas established formaterial

printing experiments. Following the International Dysphagia Diet Standardization Initiative (IDDSI), the

texture of the materials was tested, and the pumpkin puree (S2, S1A) and minced pork materials (P2, P3)

suitable for patients with dysphagia were obtained through spoon overturning test and fork pressure test.

�e experimental results show that:

(1) �e appropriate addition of xanthan gum and starch can signi�cantly improve the static shear

rheological properties and dynamic viscoelastic rheological properties of food materials, thereby

improving their adaptability and stability during the 3D printing process.

(2) �e n values of S2 and S1A of pumpkin puree samples are small, indicating good shear-thinning

behavior and �owability, which facilitates extrusion from the nozzle; the storage modulus and loss

modulus are high, and the material printing support capacity is strong. P2 and P3 of the minced pork

samples exhibit good shear thinning properties, high yield stress, storage modulus, and loss modulus,

resulting in strong mechanical strength, internal support capacity, and printability.

(3) �rough the establishment of a 3D printing experimental platform, this study further explored the

in�uence of process parameters such as printing speed and �lling density on the printing e�ect, which

provided important data support for optimizing the 3D food printing process. Finally, the experimental

results show that the printing accuracy and printing stability of the material are the best when the

printing platform is set with the diameter of the outer nozzle = 8mm, the diameter of the inner nozzle =

3 mm, the initial height = 8 mm, the layer height = 8 mm, the nozzle extrusion speed and movement

speed = 20 mm/s, and the material �lling density = 50%.

In the future, hydrocolloids and food will be combined to develop more di�erent material formulations

and apply them to food 3D printing, so as to provide more diverse choices for the diet of patients

with dysphagia.
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