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The integration of food-grade starch into 3D printing technol-
ogies holds significant potential for creating customized, sustain-
able, and nutritionally enriched food products. This manuscript 
explores the development of novel sago starch-alginate food inks, 
specifically examining their rheological behavior, printability, 
and application potential for extrusion-based 3D food printing. 
Indonesia, holding over half the world's sago forests (1.28 mil-
lion hectares), underutilizes this native staple. However, chal-
lenges persist in ensuring structural stability, reproducibility, 
and functional performance. The primary problem addressed is 
the identification of suitable hydrogel formulations that achieve 
both reliable printability and structural integrity post-printing. 
This study establishes that successful 3D printing of alginate-sago 
hydrogels requires a critical concentration threshold of 20% algi-
nate/sago formulation. A notable feature is the significant dis-
crepancy between theoretical rheological predictions and exper-
imental outcomes for mid-range composites (e. g., Alg6/Sago6 
and Alg8/Sago8), underscoring limitations in current rheological 
models. Sago starch, with its high amylose content and favorable 
shear-thinning behavior, offers superior printability and storage 
performance. While sago incorporation significantly enhances 
shear-thinning behavior and allows for effective viscosity mod-
ulation, storage modulus proved more predictive of printabili-
ty than viscosity parameters. These findings provide practical 
insights for optimizing starch in maintaining structural fideli-
ty. A circular and cubical shape of printing with height of 10 cm 
was reached using the line deposition of around 0.5 mm with 90% 
accuracy of design pattern
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1. Introduction

The application of 3D printing in the food industry has 
opened new possibilities in personalized nutrition, aesthetic 
food design, and efficient material usage. 3D food printing 
personalizes nutrition, customizing food with specific addi-
tives like vitamins, minerals, and proteins, to meet diverse di-
etary and health needs [1, 2]. 3D food printing efficiently uses 
diverse materials, like plant matter and by-products, creating 
high-value, customizable foods with less waste and improved 
shelf life [3]. Among various printable food biopolymers such 
as Xanthan gum [4], κ-carrageenan [5], Arabic gum [6], guar 
gum [7] and konjac gum [8] with their own benefit and spe-
cific objective.

Recently, starches have gained increasing attention due 
to their availability, cost-effectiveness, and gelling properties. 
As a significant source of carbohydrates in human nutri-
tion, starch plays a crucial role in improving processed food 
quality [9]. Native starches such as sago, rice, and corn offer 
diverse structural and rheological characteristics, which can 
be tuned for layer-by-layer deposition.

This makes sago starch attract for 3D food printing due 
to its advantageous properties and abundant availability, par-
ticularly in Indonesia [10]. The 3D food printing technology 
allows for customized sago products, facilitating nutrient for-
tification to address deficiencies and potentially improving 

efficiency, reducing waste, and expanding market reach for 
this abundant local resource [11].

Despite its carbohydrate richness and food security po-
tential, challenges like inefficient traditional processing, 
lack of protein/fat, and remote forest locations hinder its 
widespread use [12]. Therefore, research on the development 
and rheological characterization of sago starch-alginate hy-
drogels is highly relevant to advancing extrusion-based 3D 
food printing. 

2. Literature review and problem statement

Sago starch’s pseudoplastic (shear-thinning) behavior 
allows smooth extrusion from 3D printers, while its high 
storage modulus ensures rapid shape recovery and structural 
integrity. These rheological properties are critical for success-
ful 3D printing, enabling strong stacking and dimensional 
stability. Its high amylose content further supports robust gel 
network formation [13]. 

Research about properties of sago starch was shown that 
native sago starch gels can be thick, necessitating adjust-
ments, their inherent properties contribute to durable and 
elastic printed structures. Understanding and controlling 
factors like viscosity, yield stress, pseudoplasticity, and the 
effects of various additives and processing temperatures are 
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To achieve this aim, the following objectives are accom-
plished:

– to identify rheological characteristic for developing al-
ginate and sago-based hydrogel to improve 3D food printing 
results;

– to investigate the effect of different concentrations of 
alginate and sago on the elastic modulus;

– to assess sago hydrogel printability on a 3D printer for 
desired culinary purpose.

4. Materials and methods

4. 1. The object and hypothesis of the study
The object of this study is the development and compre-

hensive rheological characterization of sago starch-alginate 
hydrogels specifically engineered for extrusion-based 3D 
food printing. 

This study hypothesizes that combining sago starch’s 
gelling and shear-thinning properties with alginate’s rapid 
ionic cross-linking will yield superior printability and struc-
tural stability, enabling functional 3D food products from 
underutilized resources. 

For this research, key assumptions include rheological char-
acterization at a constant 25°C and evaluation of mechanical 
properties immediately post-printing for short-term stability. 

A primary simplification is the use of a custom-built 
3D extrusion printer, optimized for controlled conditions, 
though potential performance variations compared to com-
mercial systems are acknowledged. This research, however, 
employs established methodologies in food rheology and 
3D printing, applying specific optimizations and rigorous 
controls to ensure reliable evaluation of sago starch-alginate 
hydrogels for extrusion-based 3D food printing applications.

4. 2. Hydrogel solution and preparation
The hydrogel materials were formulated using food-

grade sodium alginate (Sigma Aldrich, St. louis, USA) and 
sago flour (Metroxylon sagu, SAPAPUA, Papua, Indonesia). 
Three sample categories were prepared: alginate solutions, 
sago soultion (4%, 8% w/v denoted as Sago4, Sago8), and algi-
nate-sago mixture. 

Hydrogel solutions were prepared through a sequential 
protocol: sodium alginate was first dissolved in deionized 
water for 12 hours at 25°C. Sago flour was then incorpo-
rated at determined mass concentration under continuous 
mechanical stirring. The mixture was adjusted to the target 
volume with additional deionized water before heating to 
80°C (± 2°C) with constant agitation. The samples were im-
mediately cooled to room temperature and stored at 4°C for 
precisely 3 hours to enable network formation [21].

4. 3. Rheological observation 
Starch solutions were prepared at 8%, 10%, and 12% (w/v) 

concentrations. Alginate was blended in a 1:1 ratio by weight 
with each starch. Solutions were heated to 80°C and cooled 
to 4°C for 3 hours before printing.

Rheological properties, including viscosity, elastic modu-
lus (G′), and loss modulus (G′′), were determined using indus-
try-standard protocols on a Rheometer DHR1 (TA Instrument, 
New Castle, USA) to ensure comprehensive characterization 
of the hydrogel behavior. Measurements were performed on 
alginate solutions (Alg6, Alg8, Alg10), sago pastes (Sago4, 
Sago8), and alginate-sago mixture (Alg6/Sago6, Alg8/Sago8,  

crucial for developing high-quality, printable food inks that 
meet desired structural [14]. 

While starch pastes offer valuable textural properties, 
there was an issue in their inherent susceptibility to retro-
gradation and syneresis often leads to undesirable shelf-life 
limitations and quality degradation. The reason for the issue 
is due to their water content, as the reassociation of starch 
molecules during cooling and storage can expel water from 
the gel network. Consequently, such pastes become prone to 
spoilage and exhibit textural changes, including increased 
hardness and reduced appeal [15]. 

A way to overcome that issue is mitigate these weak-
nesses lies in the incorporation of alginate, which can 
subsequently undergo ionic cross-linking with calcium chlo-
ride (CaCl2). This cross-linking process creates a stable 
network, analogous to an eggshell-like structure, effectively 
preventing or significantly inhibiting both retrogradation 
and syneresis, thereby enhancing the stability and longevity 
of the material [16].

This approach was used in other common starches 
such as corn or potato starch, combining with alginate can 
further optimize its printability and expand its application 
in creating complex food designs. Blending starches with 
alginate enables rapid Ca2⁺-induced crosslinking, reducing 
post-processing time and enhancing mechanical strength. 
In the case of corn starch, it demonstrated that hydrogels 
formulated with gelatinized high-amylopectin starch (GAP) 
exhibit significantly reduced retrogradation and syneresis 
compared to systems utilizing high-amylose starch, attribut-
able to the branched molecular structure of amylopectin that 
impedes polymer reassociation [17]. Meanwhile, the potato 
starch revealed that alginate acts as a protective matrix for 
potato starch granules, effectively restricting granule swell-
ing during gelatinization and reducing enzymatic hydrolysis 
by limiting α-amylase accessibility to starch substrates [18]. 

Yet, material-specific benchmarks for native sago-alginate 
systems remain unexplored, especially regarding Indonesia’s 
abundant but underutilized sago resources. Addressing this 
gap is critical to unlocking their potential for cost-effective 
and sustainable food applications. This study aims to evaluate 
sago-alginate systems as promising candidates for developing 
tailored food inks in personalized nutrition.

Therefore, while the potential of 3D food printing for 
personalized nutrition and sustainable food production is 
recognized, there remains a critical research gap in fully 
understanding and optimizing novel, robust, and cost-effec-
tive food inks from underutilized local resources like sago. 
Specifically, further investigation is needed to precisely 
define the rheological criteria, including the interplay of vis-
cosity and elastic modulus, that guarantee printability and 
post-printing structural integrity for sago-alginate composite 
hydrogels, thereby advancing their application in mass pro-
duction of personalized food products [19, 20].

3. The aim and objectives of the study

The research aims to develop an alginate and sago-based 
hydrogel as an innovative hydrogel for 3D food printing. It 
explores the potential of biocompatible alginate and abun-
dant Indonesian sago (with superior gelatinization and vis-
cosity), expecting their combination to optimize rheological 
characteristics and structural stability for successful 3D food 
printing. 
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Alg10/Sago10). Hydrogel viscosity was measured at shear 
rates from 3 S⁻1 to 117 s⁻1. Moduli (G′ and G′′) were mea-
sured as a function of angular frequency, from 0.628 rad/s  
to 628 rad/s. All measurements were conducted at 25°C.

4. 4. Printability assessment

This research used custom-developed 3D extrusion print-
er, designed to provide flexible and cost-effective material 
testing, was utilized to assess the printability of the hydro-
gels. This allowed for precise control over extrusion param-
eters relevant to food 3D printing, enabling detailed obser-
vation of fidelity ratio, line deposition, and shape retention.

Printability was assessed by designing 3D models using 
CAD software (AutoCAD), converting them with CAM 
software (Candle GRBL controller application), and printing 
them with our 3D extrusion printer and prepared hydrogels. 
Post-printing results were observed and evaluated for each 
hydrogel variation (Image J apps). A multi-layer grid model 
was used to assess filament width, consistency, pore dimen-
sions, layer integrity, and deposition merging [22]. 

An Arduino Uno microcontroller controlled the X, Y, and 
Z axes using Grbl code. An Arduino Nano controlled a 2 RPM 
DC motor for the extruder. Mechanical parts like the syringe 
plunger, holder, and DC motor mount were printed with PLA 
filament. Grbl is open-source software for 3-axis CNC ma-
chines (X, Y, Z), executable on Arduino boards. The printer was 

operated using open-source Candle software (version 1.1.7). 
Manual normalization of needle/nozzle coordinates was 
done via Candle. G-code commands were then sent to initiate 
printing. 

For speed parameters, movements along x, y, and z axes 
were restricted to 500 mm/minute (8.33 mm/second) due to 
motor limitations. Simplify3D-generated G-code could not be 
directly executed due to the printer’s simpler CNC firmware. 
A G-code generator from cnc-apps.com was used to remove 
extraneous commands (e. g., “E” for extruder). The revised 
G-code was loaded into Candle, requiring manual nozzle 
coordinate normalization before printing. 

4. 5. Stability testing
Printed samples were stored at 25°C and 4°C. Moisture 

content and structure height were measured over 72 hours.

5. Results of develop an alginate and sago-based 
hydrogel for 3D food printing

5. 1. Rheological characteristic of sago alginate 
Fig. 1, a display the comparation between Alginate, sago 

and alginate-sago in 8% concentration, Fig. 1, b–d displays 
the apparent viscosity of every concentration for Alginate, 
sago and alginate-sago. Viscosity showed that sago-based for-
mulations shown higher viscosity and strong shear-thinning 
behavior, it means sago starch is suitable for extrusion.  
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Fig. 1. Viscosity value in different food ink: a – comparation of hydrogel; b – alginate; c – sago; d – alginate-sago
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Molecular interactions fundamentally explain these rheolog-
ical behaviors. Sago starch’s high amylose content (21.4 to 30%, 
Table 2) enables robust double-helical associations during gela-
tinization but also drives retrogradation. Alginate counters this 
through dual mechanisms: hydrogen bonding with leached am-
ylose chains restricts molecular mobility (Fig. 2) [13]. This syn-
ergy produces the pronounced shear-thinning observed, where 
amylose-alginate complexes align under shear stress during 
extrusion, then rapidly re-entangle after deposition to restore 
structural integrity [13, 16]. The failure of mid-range composites 
such as Alg8/Sago8 stems from insufficient alginate to fully 
suppress retrogradation while inadequate amylose leaching 
weakens network formation [17]. 

Fig. 2. Molecular mechanism of calcium-mediated ‘egg-box’ 
cross-linking in sago-alginate hydrogels

Fig. 1 also displays the viscosity behavior of alginate, sago, 
and alginate-sago hydrogels. Fig. 1, a graph shows that increas-
ing alginate concentration (Alg6, Alg8, Alg10) leads to higher 
viscosity, with Alg10 exhibiting the highest. Fig. 1, b graph 
demonstrates a similar trend for sago starch, where Sago8 has 
a higher viscosity than Sago4. Both sets of single-component 
graphs indicate shear-thinning behavior, as viscosity decreases 
with the increasing shear rate. Fig. 1, c graph, featuring algi-
nate-sago mixtures (Alg6/Sago6, Alg8/Sago8, Alg10/Sago10), 
also shows pronounced shear-thinning, with viscosity gen-
erally increasing with higher total solid content. Notably, the 
Alg10/Sago10 mixture exhibits significantly higher viscosity 
across all shear rates compared to the other combinations. 
Finally, Fig. 1, d bar chart directly compares the viscosity 
at a shear rate of 50 1/s, indicating that 8% Sago possesses 
the highest viscosity among 8% Alginate, 8% Sago, and 8% 
Alg-Sago (likely meaning a combined 8% total solids). This 
comprehensive view highlights how composition and con-
centration influence the rheological properties crucial for 
applications like 3D printing. 

5. 2. The correlation of concentration and elastic 
modulus 

Fig. 3, a–c displays the apparent storage/loss modulus of 
every concentration for Alginate, sago and alginate-sago. Sa-
go-alginate exceeds elastic threshold (250 Pa) that make this 
solution can maintain excellent elastic properties. 

The image presents four graphs detailing the storage and 
loss moduli of alginate, sago, and alginate-sago hydrogels. 
Graphs A (Alg6), B (Sago4), and C (Alg6/Sago6) all show sim-
ilar trends: the storage modulus (G′) consistently higher than 
the loss modulus (G′′) across increasing angular frequencies. 
This indicates a predominantly elastic, solid-like behavior, 
essential for structural integrity in materials like hydrogels 
used in 3D printing. As angular frequency increases, both 
moduli rise, with the storage modulus showing a more signif-

icant increase, signifying a strengthening of the gel structure 
under applied stress. Graph D, a bar chart, specifically com-
pares the storage and loss moduli at an angular frequency 
of 396 rad/s for 6% Alginate-Sago, 4% Sago, and 6% Alginate. 
It clearly illustrates that the storage modulus (orange bars) is 
substantially higher than the loss modulus (blue bars) for all 
formulations, reinforcing their gel-like characteristics. Nota-
bly, 4% Sago exhibits the highest storage modulus among the 
three at this specific frequency, suggesting a more rigid struc-
ture. This data is critical for understanding the viscoelastic 
properties and printability of these hydrogel formulations.

5. 3. Sago hydrogel printability on a 3D printer 
Experimental validation revealed a critical concentration 

threshold: only the Alg10/Sago10 composite (20% total solids) 
produced structurally stable 3D prints (Fig. 4), maintaining 
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Fig. 3. Storage/loss modulus value in different food ink: 	
a – alginate; b – sago; c – sago-alginate
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dimensional accuracy in both grid patterns and cylindri-
cal towers. Lower-concentration formulations (Alg6/Sago6,  
Alg8/Sago8) exhibited immediate collapse post-extrusion 
despite favorable viscosity profiles (15–25 Pa·s). This out-
come directly correlates with Alg10/Sago10’s storage mod-
ulus (G’ = 320 Pa at 1 rad/s), which exceeded the 250 Pa 
stability threshold established in prior studies [23]. The ideal 
viscosity range of 0.3–30 Pa·s might not be sufficient; a dif-
ferent study used a different material (gelatin) and did not 
measure modulus parameters [24].

Fig. 4. 3D printing results of 10% alginate-sago

Even small amounts of gelatin could significantly in-
crease storage modulus due to better molecular bonding. A 
study using rice starch with high storage modulus values 
showed successful solid prints, though their focus was food 
printing with starch as the dominant material over alginate. 
Comparative analysis suggests storage modulus significantly 
predicts successful hydrogel printability. The discrepancy 
between predicted and actual printability might also be due 
to technical issues during measurement, like procedural de-
viations or equipment condition [25].

Table 1 reveals significant dimensional deviations in layer 
width (200% over-extrusion in cubic vase vs. 150% in cylinder), 
contrasting with height accuracy (96–98.13%). This discrep-
ancy stems from two key factors. First, nozzle kinematics 
during rectilinear paths (cubic vase) cause localized material 
accumulation at corners due to deceleration coupled with un-
interrupted extrusion—a direct consequence of the absence 
of retraction capability. Conversely, continuous curvilinear 
motion (cylinder) minimizes this accumulation effect. Sec-
ond, the exceptional height fidelity is attributed to the rapid 
structural recovery of hydrogel (G′ > G′′), where subsequent 
nozzle layers vertically shear excess material during deposi-
tion. This shearing mechanism aligns the printed height with 

the designed dimensions and is consistent with the observed 
shear-thinning recovery behavior.

Table 2 shown sago starch [26] compared to other starches, 
sago’s molecular profile offers distinct advantages.

Table 2 

Comparations of sago, corn and potato starch

Properties Sago Corn Potato References
Starch content (%) 80–87 93.76 84.82 [27]

Amylose content (%) 21.4–30 13.35 11.67 [27]
Granule size (µm) 37.59 5–18 15–45 [28, 29]

Gelatinization  
temperature (°C) 68–90 59–68 55–62 [30, 31]

Retrogradation tendency High Medium Low [17, 18]

Corn starch’s low amylose content (13.35%) limits network 
strength, yielding poor shape fidelity despite reduced synere-
sis [17], while potato starch’s excessive granule swelling creates 
brittle gels prone to fracture during printing [18]. Sago’s mod-
erate amylose level achieves an optimal balance: its interaction 
with alginate through hydrogen bonding avoids the rigidity of 
potato-based gels and the weakness of corn-based systems [13].

6. Discussion of rheological properties and 
printability outcomes

The experimental outcomes demonstrate that success-
ful printability and structural fidelity are governed by the 
complex interplay between rheological properties and mo-
lecular interactions. While all formulations exhibited es-
sential shear-thinning behavior (Fig. 1, c), enabling smooth 
extrusion, only the Alg10/Sago10 composite (20% total solids) 
achieved structural stability (Fig. 4) due to its storage modu-
lus (G′ = 320 Pa) surpassing the critical 250 Pa threshold [23]. 

The storage modulus analysis in Fig. 2 re-
vealing how different concentrations influence 
the elastic properties of the hydrogels. The re-
sults show that all tested formulations (Alg6, 
Sago4, and Alg6/Sago6) consistently exhibit 
elastic dominance (G′ > G′′), a fundamental 
characteristic for shape retention. This is a 
direct consequence of the formation of a robust 
gel network. However, the data also highlights 
key differences in network strength while pure 
alginate and pure sago both show significant 
elastic behavior, the composite Alg6/Sago6 
maintains a substantial G′ (>100 Pa) even at 
a lower total solids content, suggesting molec-
ular-level synergy. Fig. 2 also revealing that 

storage modulus is the primary predictor of structural integrity 
than viscosity. The observed fidelity discrepancies (Table 1), 
where curvilinear paths (cylinder) showed superior accuracy 
to rectilinear paths (cube), further highlight the role of rapid 
elastic recovery (G′ > G′′) in maintaining dimensional sta-
bility after deposition, while uninterrupted extrusion during 
kinematic transitions caused localized material accumulation.

When compared to other starches, sago’s molecular profile 
presents a comparative analysis of key properties. Sago starch 
is characterized by a starch content of 80–87% and a notably 
high amylose content, ranging from 21.4–30%, which is sig-
nificantly greater than both corn (13.35%) and potato (11.67%) 
starches. Sago starch also exhibits a larger average granule size 

 
  

Table 1

Result of alginate-sago layer deposition during printing

Parameter Geometry Designed Realized Stdev Margin  
gap (mm)

Margin  
gap (%)

Accuracy 
(%)

Width of layer  
deposition (mm)

Cubic vase 0.8 3.20 0.03 2.4 300.00 –200.00
Cylindrical 

vase 0.8 2.80 0.13 2 250.00 –150.00

Height of layer 
deposition (mm)

Cubic vase 0.8 0.86 0.05 0.06 7.50 92.50
Cylindrical 

vase 0.8 0.82 0.04 0.02 2.50 97.50

Height overall 
dimension (total 

10 layers)

Cubic vase 8 8.32 0.18 0.32 4.00 96.00
Cylindrical 

vase 8 8.15 0.15 0.15 1.88 98.13
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of 37.59 µm, compared to corn (5–18 µm) and potato (15–45 µm) 
starches, though the range overlaps [28, 29]. The gelatinization 
temperature for sago starch (68–90°C) is higher than that of corn 
and potato starches, which fall in the 59–68°C and 55–62°C 
ranges, respectively. Furthermore, sago starch shows a high ten-
dency for retrogradation, contrasting with the medium retrogra-
dation of corn and the low retrogradation of potato starch. These 
distinct properties highlight why sago starch’s behavior differs 
from other common starches in food applications [17, 18] (Ta-
ble 2). This molecular compatibility enables sago-alginate com-
posites to maintain the shear-thinning necessary for extrusion 
while developing the elastic modulus critical for layer stacking, 
a balance unattainable with other starches at equivalent con-
centrations. In contrast, corn and potato starches have different 
compositions, smaller granule sizes, and generally lower gela-
tinization temperatures and retrogradation tendencies. These 
variations in properties, particularly the higher amylose content 
and retrogradation of sago, are critical for understanding their 
functional differences in food product development. 

Alginate’s concentration-dependent functionality ulti-
mately underpins the hydrogel’s performance. At 10% con-
centration, alginate achieves three critical effects: sufficient 
ionic cross-linking density to exceed the G′ stability thresh-
old, physical immobilization of water molecules that reduces 
syneresis compared to pure sago gels [16], and suppression 
of amylose recrystallization through hydrogen bonding. 
This multifunctional role transforms sago from a retrogra-
dation-prone starch into a printable biomaterial, where op-
timized chain entanglement enables shear-thinning during 
extrusion while cross-linking ensures elastic recovery after 
deposition. These mechanisms establish sago-alginate as a 
sustainable platform for nutrient-dense food printing.

This study establishes that sago starch’s rheological 
characteristics, including pseudoplastic behavior and high 
storage modulus, are critical for successful 3D printing, en-
suring good extrudability and shape retention. Despite these 
advantages, several limitations must be acknowledged. First, 
the experiments were conducted under controlled laboratory 
conditions using a custom-built extrusion printer, which may 
not fully replicate the complexities of commercial food print-
ing systems. Second, while the study focused on short-term 
stability and immediate post-printing structure, it did not 
include a comprehensive evaluation of long-term shelf life or 
microbial safety over extended storage. 

Future research should aim to validate these findings 
across broader environmental and operational conditions. It 
is indicated that starch pastes face issues like retrogradation 
and syneresis, which compromise shelf-life. To address this, 
incorporating alginate creates a stable, eggshell-like network 
via calcium chloride cross-linking, inhibiting these degra-
dation processes and enhancing material stability. This ap-
proach provides a solution for developing durable, printable 
food inks from sago starch. Finally, exploring the integration 
of bioactive compounds, proteins, or fortification ingredients 
will expand the functional scope of sago-alginate inks for 
personalized and nutritionally enriched food systems.

7. Conclusion

1. To identify optimal rheological characteristics for de-
veloping alginate and sago-based hydrogels, this study con-
firmed that all tested formulations, including pure Alginate, 
Sago, and their composites (Alg6/Sago6, Alg8/Sago8, Alg10/

Sago10), consistently exhibited prominent shear-thinning 
behavior across shear rates from 3 to 117 s⁻1. This crucial 
rheological property ensures low viscosity during extrusion 
through the nozzle, facilitating smooth material flow critical 
for extrusion-based 3D food printing.

2. Regarding the optimization of storage and loss modulus 
values for consistent printing, it was found that the storage 
modulus (G′) consistently remained higher than the loss modu-
lus (G′′) across all observed formulations and angular frequen-
cies (0.628 to 628 rad/s). This dominant elastic behavior is essen-
tial for hydrogels to retain their shape and structural integrity 
post-extrusion. Notably, the Alg10/Sago10 formulation achieved 
a G′ of approximately 320 Pa at 1 rad/s, surpassing the critical 
250 Pa threshold necessary for stable self-supporting structures.

3. In assessing hydrogel printability for desired culi-
nary purposes, experimental validation revealed a critical 
concentration threshold: only the Alg10/Sago10 composite, 
with 20% total solids, successfully produced structurally 
stable 3D prints, reveals significant dimensional deviations 
in layer width (200% over-extrusion in cubic vase vs. 150% 
in cylinder), contrasting with height accuracy (96–98.13%). 
Lower concentration composites (Alg6/Sago6, Alg8/Sago8) 
consistently failed to retain their shape and collapsed imme-
diately post-extrusion, despite exhibiting viscosity profiles 
that might theoretically appear favorable. This significant 
discrepancy underscores that while viscosity is important, 
storage modulus proved to be a more reliable and predictive 
parameter for successful printability than viscosity parameters 
alone. These findings provide practical insights for optimizing 
starch-alginate hydrogels to achieve high structural fidelity 
in 3D food printing, particularly for nutritional applications 
where desired solid content can be precisely controlled.
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