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Abstract

The successful application of 3D and 4D food printing is fundamentally governed by the rheology
and microstructure of edible inks. These factors control every step, from extrusion and nozzle
deposition to the final product functionality. This review systematically examines how formulation
variables, including starch/protein composition, water content, and hydrocolloids, determine the
network architecture and critical rheological properties, such as yield stress and viscoelasticity. These
properties determine printing outcomes such as filament formation, stacking accuracy, and the
stability of sensitive components. This review explores 4D printing as a "3D + 1D function,” where
printed structures provide additional features over time, such as a controlled color change or
bioactive release, while post-printing treatment often activates these features. Through case studies
of novel inks, we show how interfacial chemistry and process parameters influence texture and
stability. Finally, we discuss the application of rheological metrics for predicting printability and
outline the critical need for developing multi-parameter, process-relevant printability indices to
advance the field of digital food manufacturing.

Keywords: 3D food printing; 4D printing; rheology; edible inks; network architecture; post-printing
treatment; stimuli-responsive materials; extrusion-based printing

1. Introduction

Three-dimensional (3D) food printing has transitioned from an exploratory fabrication method
to a digitally controlled manufacturing strategy capable of tailoring geometry, texture, porosity, and
nutritional composition with high spatial precision. However, the feasibility of extrusion-based food
printing is governed less by hardware sophistication than by the physicochemical behavior of edible
inks under flow and after deposition. Recent critical syntheses emphasize that printability emerges
from a delicate balance between shear-induced fluidization inside the nozzle and rapid structural
recovery once the material is deposited [1,2]. Thus, rheology —rather than composition alone—acts
as the central determinant linking formulation to structural fidelity.

The extension toward four-dimensional (4D) food printing further elevates the importance of
this coupling. By introducing time as a functional dimension, 4D systems enable printed structures
to undergo programmed transformations triggered by thermal, pH, enzymatic, hydration, or other
environmental stimuli. In such systems, the rheological and microstructural characteristics that
ensure successful filament formation and stacking must also support controlled post-printing
evolution [3]. Consequently, 4D food printing can be conceptualized as “3D structure plus temporally
activated functionality,” where network architecture dictates not only geometric stability but also
transformation kinetics and diffusion-driven processes [4].
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Across recent literature, three tightly interconnected elements repeatedly emerge as governing
factors: network architecture, critical rheological parameters, and process mechanics. Gel-based
edible inks—particularly starch-hydrocolloid and protein—polysaccharide composites—have been
systematically mapped in terms of composition—rheology—geometry relationships, revealing that
yield stress, storage modulus, and thixotropic recovery define operational printability windows
[1,5,6]. Composite starch systems reinforced with carrageenan or alginate demonstrate how modest
compositional shifts can shift inks from spreading-dominant to self-supporting regimes [7,8].
Similarly, plant-protein-based matrices and alternative protein systems illustrate how mechanical
strength and infill architecture can be engineered to replicate conventional food textures while
maintaining extrusion stability [9,10].

Yet viscosity alone is insufficient to predict performance. Experimental and modeling studies
increasingly converge on the role of yield stress, viscoelastic balance (G'/G"), and recovery kinetics
as primary determinants of filament integrity and multi-layer stacking accuracy [11,12]. Advanced
analyses further propose dimensionless frameworks linking elastoviscoplastic behavior to die
swelling, spreading, and deposition regimes, suggesting that predictive printability indices must
integrate rheological and process variables rather than treating them independently [13].
Computational fluid dynamics (CFD) modeling reinforces this integration by demonstrating how
shear-rate distributions and pressure gradients within the nozzle geometry directly translate into
structural outcomes after extrusion [14].

Beyond geometric fidelity, the functional performance of printed foods increasingly depends on
internal architecture and interfacial engineering. Emulsion-based systems and coaxial extrusion
strategies enable encapsulation and protection of sensitive bioactives, significantly enhancing storage
stability and bioaccessibility relative to non-structured formulations [15,16]. 3D printing of dairy
products benefits from physical, chemical, or enzymatic modification and additive incorporation,
improving printability and nutrition. Hydrophilic gels, calcium, and lipids enhance gel properties
and structural fidelity [17]. Cellulose-based inks, especially with carboxymethyl cellulose, offer shear-
thinning and thermal stability, particularly at low concentration, supporting custom nutritionally
controlled foods for future applications [18]. Likewise, gel-in-gel constructs for probiotic delivery
demonstrate that controlled rheology not only preserves structural precision but also improves
microbial survival and release kinetics during digestion [19]. These findings illustrate a critical
conceptual shift: the same rheological descriptors that govern extrusion also regulate mass transfer,
degradation, and stimuli-responsive behavior in the final product.

Despite rapid progress, the literature remains partially fragmented. Foundational reviews
address edible ink categories and rheological fundamentals [20-22], while emerging perspectives
focus on intelligent systems integrating monitoring and control [4,23,24], or functional and bioactive-
enriched formulations that develop low glycemic index food inks for diabetic patients through in
vivo studies [25]. However, a unified framework that systematically connects ingredient-level
network formation, quantitative rheological metrics, extrusion mechanics, structural fidelity, and
post-printing functionality is still evolving. Without such integration, formulation development
remains largely empirical, limiting scalability and reproducibility.

This review synthesizes advances from 2020 onward to articulate a coherent continuum of
materials-rheology—process—function for 3D and 4D food printing. Our goal is to provide guidelines
for testing the performance of various inks and printed food matrices rather than conducting an
extensive descriptive technological analysis. By positioning rheology as the mechanistic bridge
between formulation and final product performance, we aim to consolidate current knowledge into
a structured perspective that supports rational ink design, predictive printability assessment, and the
development of multi-parameter indices suitable for next-generation digital food manufacturing.
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2. Network Architecture in Edible Ink Formulations

2.1. Gel Network Formation and Molecular Architecture

The success of 3D food printing depends on the formation and stability of gel networks that
reconcile two competing physical requirements: low resistance to flow under nozzle shear stress
during extrusion, and rapid recovery of elastic structure after deposition to preserve geometric
integrity. Qin et al. [1] established the critical foundation for understanding how formulation
variables determine network architecture, defining edible hydrogels as the central material class
reconciling these needs through hydrogel formulations spanning gelatin, alginate, pectin,
carrageenan, agar, starch-based gels, and protein-polysaccharide composites.

Network architecture is determined by primary stabilization mechanisms that fall into distinct
categories: ionic crosslinking (exemplified by -carrageenan systems achieving storage moduli >4000
Pa through K* coordination [26], physical-ionic hybrids (gelatin-alginate systems with moderate
density, G' ~2500 Pa through Ca?* bridging [27], hydrogen-bonded polysaccharide blends (xanthan-
locust bean gum achieving G' ~2800 Pa through van der Waals forces), and dual-crosslinked protein-
polysaccharide systems (gelatin-Type B and k-carrageenan) achieving superior G' ~5000 Pa through
combined ionic and covalent interactions [28]. The delicate balance between attractive and repulsive
forces facilitates effective self-assembly, while excessive intermolecular forces result in functional
instability and phase separation.

The molecular assembly process in gelatin-based systems differs fundamentally from starch-
based networks. Oyinloye & Yoon [29] demonstrated that oil incorporation (both saturated coconut
oil and unsaturated soybean o0il) modulates the gelatin network structure dramatically: coconut oil at
1-3 g/100g increases density via protein-lipid interactions, while soybean oil above 5 g/100g causes
phase separation and porosity. Network density quantitatively relates to microstructural features
observable through scanning electron microscopy (SEM) and Fourier-transform infrared
spectroscopy (FTIR), with Ahmad et al. [14] demonstrating that FTIR analysis reveals gel
strengthening primarily driven by non-covalent interactions, hydrogen bonding, and electrostatic
effects.

2.2. Composition-Dependent Network Properties

Starch concentration exerts critical control over network formation. Rodriguez-Herrera et al. [11]
established that nixtamalized corn flour content in the range of 30-32.5 wt% optimizes both
extrudability and self-supporting structural recovery, with concentrations below 30% resulting in
excessive material spreading and flattening, while concentrations exceeding 32.5% reduce
extrudability significantly. The optimal range reflects the balance point where starch gelatinization
(occurring at ~71.8+0.2°C for arrowroot starch creates sufficient network crosslinking without
compromising flow properties under extrusion pressure [12].

Water content functions as the primary gelation trigger, with research establishing that 65-80
wt% water represents the critical range for stable gel formation. Deviations below 60% result in
incomplete gelation and reduced network strength, while water contents exceeding 85% reduce
printability due to over-hydration, weakening intermolecular bonding. Dushina et al. [30]
quantitatively demonstrated this principle: lupine callus tissue inks with 80 g/100mL callus (CT80)
exhibited significantly reduced viscosity (5.6 kPa-s at 20°C versus 75.4 kPa-s for control CTO samples)
and storage modulus values 7.9 times lower than controls, with fracture stress reduced from
13,241+2329 Pa to 1621+711 Pa.

Hydrocolloid selection determines the nature of gel network formation. Nikolaou et al. [26]
demonstrated that 3-carrageenan-reinforced starch gels consistently achieve superior viscoelastic
behavior (G' > 4000 Pa), optimal tan o values (0.096-0.169), and yield stress conducive to stable
extrusion (up to 350 Pa in gelatin-B-carrageenan systems), achieving 93-96% structural fidelity with
<4% dimensional deviation. Bai et al. [31] showed that konjac glucomannan and curdlan blends
synergistically enhance gel properties: konjac glucomannan concentration at 2.25% combined with
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curdlan at 0.75% (KGM/CD ratio 3:1) achieved optimal printing accuracy of 4.97+0.45% with superior
flow behavior index (n = 0.049+0.014), indicating enhanced flowability.

The synthesized network architecture data demonstrates that dual-crosslinked systems (gelatin-
p-carrageenan) achieve G' ~5000 Pa with tan 6 ~0.18, while starch-protein systems exhibit lower G'
(~1500 Pa) but offer distinct mechanical advantages through protein aggregation mechanisms.
Kaliampakou et al. [27] employed principal component analysis and Taguchi's Design of
Experiments, showing that viscosity, tan O, G', and G" collectively govern blend behavior, with 85%
pore area printability achieved through optimized parameter settings.

2.3. Microstructural Characterization and Spatial Organization

Network structure exhibits hierarchical organization across multiple length scales. Oliveira et
al. [32] developed phase-separated edible inks through segregative phase separation using gellan
gum matrix structured with whey protein isolate beads ranging from below 5 um to over 100 pm in
diameter, demonstrating that controlled microstructure enables high-speed printing (>25-50 mm/s)
at low forces (<50 N) and stresses (<500 Pa). The key insight emerged that reducing bead size and
length increases viscosity, enhancing the dimensional accuracy of printed structures.

Low-field nuclear magnetic resonance (LFNMR) analysis provides a quantitative assessment of
water distribution and network rigidity. Li et al. [28] combined FTIR, XRD, LEFNMR, and SEM to
demonstrate that hybrid binary systems (gelatin-Type B with k-carrageenan) with optimized ratios
produce reduced free water content relative to bound water, indicating tighter network cross-linking
and superior structural recovery post-printing.

Network mechanical properties assessed through texture analysis directly correlate with
printability outcomes. Liu et al. [33] comprehensively characterized cereal-legume starch-based gels
formulated with germinated brown rice and red adzuki bean flours, achieving hardness values of
1066.74£102.09 N for the RG2:1 formulation (red adzuki bean:germinated brown rice = 2:1) with
printing accuracy of 99.37+0.39%, demonstrating that optimal hardness ranges and springiness
values (0.64+0.10) translate directly to superior 3D printing fidelity.

3. Critical Rheological Properties Governing Printability
3.1. Yield Stress and Extrusion Stability

The success of extrusion-based printing depends critically on optimizing the rheological
envelope by tuning the critical rheological properties. Kadival et al. [22] demonstrate that yield stress,
storage modulus, and apparent viscosity must be simultaneously tuned to enable stable extrusion
while maintaining structural fidelity post-deposition, with optimal values achieved through both
formulation design and pre-processing modifications. Yield stress (oy), the minimum stress required
to initiate material flow, represents one of the most critical parameters determining whether
extrusion-based printing succeeds or fails. Rodriguez-Herrera et al. [11] established that stable
printability for nixtamalized corn doughs occurs within specific yield stress ranges, demonstrating
the fundamental principle that oy <100 Pa results in excessive spreading and material collapse, while
oy >500 Pa causes extrusion difficulties and potential nozzle blockage. The optimal operating window
spans 100-500 Pa, with oy ~250 Pa providing a balance between extrudability and structural retention.

Novel ink materials and emerging applications continuously enforce the rheological
investigation. Recently, Choudhury et al. [34] demonstrated skim milk (SM) powder to peanut-based
chenna inks, achieving direct ink writing through cold extrusion with yield stress, loss/storage
modulus optimization at 2:1 composition of SM:peanut chenna with optimal processing parameters.
Agarwal et al. [35] quantitatively assessed yield stress variation across psyllium husk (PH)-gelatin
(G) blends: the 50PH+50G formulation (optimal for 3D printing) exhibited 109.16+9.85 Pa yield stress,
the 75PH+25G formulation oy = 268.74+13.56 Pa, and the 100PH reference oy = 18.59+4.21 Pa. These
data demonstrated that formulation composition enables precise yield stress tuning, with the selected
50PH+50G blend achieving the highest mechanical strength (Young's modulus 9.17+0.088 kPa)
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among tested ratios despite having lower yield stress than the 75PH+25G alternative, indicating
complex relationships between yield stress and other mechanical properties.

3.2. Viscoelasticity and the Storage-Loss Moduli Balance

The viscoelastic balance between elastic (storage modulus G') and viscous (loss modulus G")
behavior fundamentally determines whether printed structures maintain geometric fidelity or
collapse post-deposition. Herrada-Manchon et al. [2] established that essential hydrogel rheology
characterization requires measurement of yield stress, shear-thinning behavior, thixotropy,
viscoelasticity, and gelling mechanisms, emphasizing that understanding these characteristics is
essential for optimizing extrusion-based 3D printing. The critical principle emerges that optimal 3D
printing inks require G' >> G" (storage modulus dominance) to provide structural integrity, while G'
>> gy ensures self-supporting capability without excessive spreading. Nikolaou et al. [26]
demonstrated that 3-carrageenan-starch composites consistently achieve storage moduli >4000 Pa—
establishing this as a practical threshold for gel-like behavior and structural self-support. For
comparison, Kaliampakou et al. [27] showed that gelatin-alginate systems achieve G' ~2500 Pa with
maintained elastic character (tan d = 0.35), while Bai et al. [31] documented that konjac glucomannan-
curdlan optimal systems reach G' ~3200 Pa with superior tan d = 0.22 (indicating elastic dominance).
The pattern emerges that ionic-crosslinked systems (carrageenan-based) and dual-crosslinked
systems (gelatin-carrageenan) achieve the highest G' values, while co-polymer systems with weaker
interaction mechanisms (starch-protein isolate) achieve G' ~1500 Pa, limiting their applicability
without additional stabilizers.

Loss modulus (G") represents the viscous component enabling flow, but must remain below
1200 Pa in optimal formulations to prevent excessive material spreading. Ahmad et al. [14] employed
computational fluid dynamics (CFD) simulations using ANSYS Fluent to model how rheological
parameters translate to extrusion pressure and shear rate distributions, validating that modified
thixotropic protocols based on actual shear conditions during printing provide accurate predictions
of ink performance. The critical insight emerged that KCl-crosslinked kappa-carrageenan inks show
excellent multi-layer printability despite lower viscosity recovery (relative to uncrosslinked inks)
because elevated mechanical stability imparted by KCl enables effective structural recovery.

3.3. Loss Tangent and Network Elasticity Dominance

The loss tangent (tan o = G"/G') measures the ratio of dissipated (viscous) to stored (elastic)
energy; optimal values below 0.3 signal elastic-dominated networks for shape retention after
printing. Agarwal et al. [35] showed that tan 0 <0.25 indicates strong elasticity and excellent recovery,
0.25-0.50 is a transition zone with intermediate properties, and >0.50 signals viscous dominance and
poor shape retention. De Salvo et al. [36] optimized phytosterol-enriched oleogels, finding that
dynamic moduli must support self-structuring: gelation at 78.37°C and storage modulus G' =
3.07+0.032 Pa-s yield good extrusion flow, while G' = 3.07x10¢ Pa ensures room-temperature stability.
This shows post-extrusion elastic recovery is a second key printability window.

3.4. Apparent Viscosity and Filament Formation

Apparent viscosity (1)) governs filament diameter and geometric resolution (1 « filament width).
Nguyen et al. [37] determined optimal viscosity for rice protein-starch systems at 1-10 kPa-s, with
best printability at 17.5% rice protein and 15% starch. Rapid, reversible recovery in rice protein
systems is essential for stable multi-layer deposition without excessive flow or collapse. Dushina et
al. [30] quantified viscosity changes: CT-free ink (CT0) increased from 9.6 to 75.4 kPa-s during cooling
(50—20°C), while CT80 ink changed only 0.9 to 5.6 kPa-s—a 13-fold reduction in temperature
sensitivity. Adding plant callus tissue broadens processing windows but reduces structural integrity
by dampening viscoelastic response. Higher volumetric flow rates raise shear stress during extrusion,
directly affecting filament geometry and required extrusion pressure.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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3.5. Thixotropy, Recovery Kinetics, and Structural Integrity

Thixotropic behavior—shear-thinning under stress and rapid viscosity recovery—enables
extrusion at practical pressures and maintains geometric precision after printing. Three-interval
thixotropy tests have been widely adopted in food printing studies [5,38]. In these studies,
standardized recovery assessments specify that more than 80% deformation and nearly 100%
structural recovery indicate optimal printability, whereas less than 50% recovery suggests poor
elastic recovery for multi-layer builds. Thixotropy tests evaluate structural integrity by cycling
application of low and high deformations, i.e., around 1%, simulating the rest state, whereas 100%
and higher, from the printing phase. The key parameter for printability is the gel's recovery kinetics —
the rate and extent of structural regeneration after each destructive shear cycle—which ultimately
determines its ability to maintain shape fidelity during multi-layer fabrication [5,38,39].

Rodriguez-Herrera et al. [11] identified key recovery parameters for nixtamalized corn doughs:
loss tangent at minimum strain and elastic modulus govern recovery kinetics; storage and Young's
moduli affect self-support after deposition. Loss tangent at nozzle strain and yield stress control
extrusion behavior, while elastic modulus dictates post-printing stability, highlighting that different
rheological parameters dominate distinct stages and require multi-stage optimization. Recovery
timescales differ widely: optimal formulations regain 80% viscosity within 30 seconds, supporting
rapid printing (>300 mm/min); 60-second recovery suits moderate speeds (100-300 mm/min); >100
seconds limits use to slow (<50 mm/min) or single-layer printing.

1.0 100
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Figure 1. Critical metrics in relation to ink rheological properties affecting 3D food printing: (a) Yield stress

operating regions; (b) Thixotropy recovery post-extrusion.

The following Table summarizes the previously discussed rheological parameters in recent
experimental works.

Table 1. Key rheological metrics (G', G”, 1), oy) for experimentally evaluated extrusion-based 3D food-printing

formulations. Values are reproduced from the cited studies or digitized/extracted from reported tables and

figures.
Yield st
Ref. G’ [Pa] G” [Pa] n [Pas] 1 [P:]ress System Note
starch gels +
K-index [Pa-s?]: 57.
7] 446-9707 93-3489 57-1309 181-4392 proteins + index [Pa-s]: 57.3
) 912
hydrocolloids
[11] 200-7x10°4 ~50-10"4 ~10-1075 943pp Mixtamalizedcorn g o ce 40%
dough
potato starch + plant
26] 1150-6909 100-1400 N/A 32-455 proteins + .
Carrageenan
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mashed potatoes +
[28] ~1.00x10"4-1.22x10"4 ~1.50x10"3-2.05x10"3 313.48 470.69 k-carrageenan + -
gelatin-B
fish myofibrillar- hi kflor ;55 < dG )
[29]  ~1800-1.3x10%4 200-2700 N/A N/A  protein pastes with -0 o OGCTae
. lipids than the oil-
oils
free control
[30] 1.34x1074-2.28x10" 1750-3380 9600-7.54x10™ N/A agar + mashed -

potato + lupin

cereal-legume

N N starch-based + K-index [Pa-sn]:
[33] ~1000-4x10"4 ~300-3.0x10"4 ~30-8000 N/A hydrocolloid 500-995
mixture
psyllium husk  K-index [Pa-s"]: 49.3
[35] 180-7000 150-800 49-531 18.6-268.7 (PH)/gelatin blends _530
~0.013-05 phyt(-)sterol- (*) as for wt%
[36]  ~1x10%6-5x10"6  ~7.9x10°-4.0x10"5 & NR enriched - phytosterols (up to
~1-1000 (%) monoglyceride 40%) and shear
(MG) oleogels rates
rice protein—corn
[37] ~1000-2x10"4 ~200-3500 ~0.8-5000 N/A starch gels (high- -
amylose)
shiitake mushroom
[40] 3.96x10"4-6.09x10"4 ~2000-8000 273-2122 268-1803  paste with gums -
(AG/XG/KG)
L. . starch enhances G/,
surimi paste inks and G”: water and
[41] ~6000—4.5x10"4 ~2000-8000 1.74x10"3-2.58x10"4  N/A with starch-salt- ’
water salt enhance
fluidity
rice-black gram idli yield stress from
[42] 150-3.43x10"4 57.3-8335 160-3.53x10"4 16.6-96.3 batter + pearl millet Herschel-Bulkley
flour model

4. Process Characteristics and Parameter Optimization
4.1. Nozzle Diameter and Printing Resolution Trade-off

Nozzle diameter is a fundamental geometric parameter in extrusion-based food printing, as it
determines the minimum achievable feature size and directly influences deposition accuracy and
printing throughput. Smaller nozzles generally enable higher spatial resolution and finer filament
deposition but require higher pressure or lower printing speeds to maintain stable flow. Conversely,
larger nozzles allow higher deposition rates and reduce the extrusion force needed, although at the
expense of printing resolution and geometric fidelity.

In the study by Santhoshkumar et al. [38], three nozzle diameters (0.84, 1.22, and 1.56 mm) were
evaluated during the printing of pearl-millet-banana formulations. Printing trials revealed that the
0.84 mm nozzle could not produce printable constructs, due to insufficient flow and clogging,
whereas the 1.56 mm nozzle resulted in over-extrusion and thick filament deposition. In contrast, the
1.22 mm nozzle provided the best compromise between extrusion stability and printing accuracy.
When printing speeds of 600-1000 mm/min were evaluated, stable extrusion through the 1.22 mm
nozzle at 600 mm/min generated deposition rates of approximately 0.33-0.37 g/min, whereas higher
speeds caused under-extrusion and discontinuous filaments.

The optimal printing window therefore depended on the interaction between nozzle diameter
and material rheology. The millet-banana formulations exhibited shear-thinning behavior (n = 0.02-
0.40) with viscosity ranging from 10° Pa.s to a few Pa.s (for infinitesimal shear rate to 100 s), yield
stresses of 10-80 Pa and storage moduli of 2000-6000 Pa, properties that supported extrusion while
maintaining filament stability after deposition. Beyond nozzle diameter, the nozzle-substrate gap
(commonly referred to as layer height) also affects the final filament geometry. The final printed line
width and height are not determined solely by nozzle diameter but by the interaction between nozzle
geometry, extrusion rate, travel speed, and the rheological recovery behavior of the food ink. When
extrusion rate, printing speed, and nozzle geometry are not properly balanced, deformation regimes
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of stretching and compression appear [38]. Consequently, the rheological characteristics govern the
three main stages of extrusion-based food printing—extrusion, structural recovery, and self-
supporting stabilization—which collectively determine the printability of food formulations [23].

Another critical phenomenon associated with nozzle geometry is die swell, which occurs when
viscoelastic materials expand after exiting the nozzle due to elastic recovery of polymeric or protein
networks that were stretched during flow. In extrusion-based food printing, die swell alters the final
filament diameter and therefore affects the relationship between the nozzle diameter and the printed
line width. Finite-element modeling of surimi paste, supported by rheological data, demonstrated
that die swell increased from approximately 9.8% to 14.1% as nozzle diameter decreased from 1.2 to
0.6 mm, due to higher pressure gradients and stored elastic energy within the material during
extrusion [43].

Overall, nozzle diameter must be optimized together with printing speed, extrusion rate, layer
height, and material rheology to balance resolution, extrusion stability, and structural retention.
Smaller nozzles enhance printing precision but increase pressure requirements and susceptibility to
flow instabilities, whereas larger nozzles improve throughput and extrusion reliability but limit
geometric resolution.

4.2. Printing Speed, Layer Height, and Dimensional Accuracy

Printing speed controls deposition rate and inter-layer bonding, with optimal values highly
formulation-dependent. Santhoshkumar et al. [38] found pearl millet-banana inks performed best at
600 mm/min, 360 rpm motor speed, and 1.22 mm nozzle, achieving 92% accuracy. In contrast,
butterfly pea flower inks required 40 mm/min for optimal results, indicating that less elastic, slower
inks need reduced speeds for precision. Reducing layer height from 1.0 mm to 0.2 mm increases
accuracy from 75-82% to 97-99%. The optimal range (0.3-0.5 mm) yields 96-98% accuracy with
efficient processing. Heights below 0.2 mm show diminishing returns, demanding more pressure and
time without proportional gains. Optimal print quality is achieved when the nozzle diameter-to-layer
height ratio is 0.5-0.55, offering an empirical guideline for parameter selection. Post-printing shape
changes reveal that infill levels strongly affect dimensions and hardness: 40% infill produces 37%
lower hardness than 100% due to greater porosity. Fermentation-driven shape change also correlates
with infill pattern, underscoring the need for integrated optimization of design and post-processing.
Table 2 presents the extrusion-based 3D food-printing process parameters reported in experimental
studies.

Table 2. Printing settings reported in experimental extrusion-based 3D food-printing studies (print-quality

metric as defined in each study).

Nozzle Printing Speed Layer Height Extrusion Rate .. o

Ref. Diameter (mm) (mm/min) (mm) (mm?/s) Printing Accuracy (%)
[7] 1.0 1200 (20 mm/s) 1.0 2.2% N/A

[11] 2.0 1200 (20 mm/s) 2.0 N/A N/A

[28] 1.2 1500 (25 mm/s) 1.2 N/A N/A

[33] 12 1500 (25 mm/s) 0.84 N/A SSI (%) > 99

[36] 0.83 60-360 (1-6 mm/s) 1.0 N/A N/A

5.7,6.3,6.9 .
[37] 0.8,1.5,25 3200 (53 mm/s) 1.4 mL/min cylinder volume
[40] 12 1500 (25 mm/s) 12 N/A N/A
1 h ~39.8%
[41] 1.94 900 (15 mm/s) 12 575 (actual) Vo0 arg;‘;if 398%to
[42] 1.22 400-1400 various 7.8t027.3 shape evaluation
[43] 1.0 900 (15 mm/s) 1.0 25 N/A
1 -4 7|
[44] 1,15,2,25,3 800 - 4200 (30-70 N/A N/A N/A

mm/s)
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4.3. Temperature Control and Thermal Stability

Processing temperature modulates viscosity, gelation kinetics, and bioactive stability, requiring
careful balance specific to each ink formulation. Distinct optimal temperatures exist for different
material classes: starch-based inks optimize at ~25°C (room temperature, minimizing viscosity
change while avoiding starch granule swelling), while protein-based inks optimize at ~60°C
(enhancing protein functionality while maintaining adequate flow properties). Nguyen et al. [37]
achieved optimal rice protein-starch system performance at 60°C, demonstrating rapid and reversible
response characteristics enabling multi-layer printing. The critical safe temperature range spans 40-
60°C, avoiding thermal degradation of sensitive compounds (anthocyanins, polyphenols, probiotics)
while maintaining adequate rheological properties for extrusion. Above 70°C, accelerated
degradation of sensitive compounds occurs.

4.4. Extrusion Parameters and Filament Uniformity

Extrusion rate (volumetric flow) controls filament diameter and structural consistency. Optimal
extrusion parameters differ by food ink type, with extrusion rate reflecting material properties. Motor
speed (rpm) sets the pump's rotation and volumetric output. Studies show that optimal motor speed
must be paired with nozzle size and print speed; actual delivery rate depends on motor speed and
pump geometry, requiring experimental calibration for each printer setup. Santhoshkumar et al. [38]
found that pearl millet-fortified formulations achieve optimal printability and stability at specific
extrusion rates, printing speeds, and nozzle sizes. The linear relationship between extrusion rate and
filament diameter allows precise prediction of filament size from the set extrusion rate [44].

4.5. Multi-Parameter Optimization and Interaction Effects

Nozzle diameter, printing speed, layer height, and extrusion rate interact, requiring
simultaneous—not sequential —optimization. Optimal results occur at 300400 mm/min printing
speeds and 6-10 mm?3/s extrusion rates, balancing processing speed and structural quality. Central
composite design systematically optimizes extrusion parameters by evaluating multiple factors.
Principal component analysis groups samples, revealing high print fidelity at specific nozzle
diameters, extrusion rates, speeds, and layer heights. Response surface methodology and statistical
design of experiments offer robust frameworks for uncovering parameter interactions [37,41,44].
Machine learning optimization, using grey relational analysis of multiple objectives, identifies and
validates optimal parameter combinations with low experimental error rates versus theoretical
predictions. Data-driven frameworks thus offer practical, efficient tools for parameter optimization
without exhaustive experimental trials.

4.6. Printing Accuracy and Fidelity Metrics

Printing accuracy measures how closely fabricated structures match digital designs, assessed by
dimensional and image analysis. Among food inks, cereal-legume starch gels yield the highest
accuracy (99.37%), specialty systems reach 98% and 96%, while chocolate-based inks lag at 88% due
to thermal sensitivity and viscosity-temperature complexities. These differences highlight the
challenge of ensuring structural stability across material types. Systematic quality assessment of 3D-
printed cereal products identifies key parameters: ink mechanical properties, printed object shapes
(e.g., image analysis, calculations), and final products via microscopy, instrumental, and sensory
texture evaluation [45,46]. This framework shows that printability covers not only initial dimensional
accuracy but also long-term stability and sensory quality after processing. In the context of 3D food
printing, resolution determines the structural fidelity and surface smoothness of edible constructs,
directly influencing both the sensory "mouthfeel” and the precision of intricate internal geometries
[47,48]. By optimizing nozzle diameters and layer heights, we can minimize visible layering to
achieve the refined textures and tight tolerances essential for complex, multi-component food designs
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[44-46]. The interrelation between critical ranges of process parameters and rheological parameters
is shown in Figure 2.

80
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Figure 2. Process parameters and rheological properties governing 3D food fine printability: (a) Interrelation of

ink viscosity and resolution; (b) Filament diameter and extrusion rate.

Accurate dimensional prediction depends on integrating material rheology and process
parameters. Combining experimental tests, numerical modeling, and neural networks allows
optimization by classifying filament deposition into regimes: quasi-Newtonian flow, round
deposition, spreading, tearing, and layer-pressing. This approach explains how rheology (yield
stress, plastic viscosity) and process variables (nozzle diameter, height, speed, extrusion velocity)
shape filament geometry —directly informing food printing optimization.

5. 4D: Post-Printing Treatment and Temporal Activation of Printed Structures

Four-dimensional (4D) food printing extends extrusion-based 3D printing by integrating
triggered changes into the printed construct, where functionality evolves after fabrication through
controlled activation (e.g., time-dependent transformations). In food systems, the “fourth dimension”
is most often expressed not as dramatic shape morphing alone, but as post-printing consolidation
and stimulus-triggered changes in mass transfer, including delayed hydration, programmed
softening, controlled color transitions, and staged bioactive release. This behavior emerges from
coupled design of material formulation, printed architecture (e.g., infill and porosity), and post-
printing treatments, which together define activation kinetics and the stability of nutrients and
bioactives [49-51].

5.1. Thermal Post-Processing as Activation: Structure Consolidation and Bioactive Preservation

Thermal post-processing functions as an activation step that can consolidate printed networks
through starch gelatinization and protein crosslinking, while simultaneously altering moisture
content and diffusion pathways. In butterfly pea flower (BPF)-based printed structures, steaming
maintained higher dimensional fidelity than water-immersion cooking or oven heating and
supported strong bioactive preservation. Quantitatively, steaming achieved 91-97% anthocyanin
retention, whereas microwave drying produced 74-85% retention, demonstrating that processing
route selection can shift bioactive losses by more than ten percentage points within a single
formulation class [52].

Moisture loss is a critical activation variable because it governs both mechanical evolution and
transport control. Documented thermal treatment led to 35.6% weight reduction (water loss) in food
systems, correlating with network consolidation and controlled moisture gradients that enable timed
release behavior [42]. In aronia-loaded printed gels, thermal treatment is reported to trigger starch
gelatinization and protein network formation, which subsequently governs the release rate of
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polyphenols (including anthocyanins) during gastrointestinal digestion [53]. In this activation logic,
thermal treatment reduces early-stage diffusion (by tightening the gel network and reducing free
water) while supporting later-stage release when environmental conditions (e.g., intestinal pH)
become favorable for solubilization and absorption [53].

Activation timescales vary with the target outcome and geometry. Reported thermal treatment
durations range from minutes (rapid steaming; ~5-10 min for small constructs) to tens of minutes or
longer (slow oven drying; ~45-90 min for broader moisture control), reflecting the need to match
treatment duration to construct size, internal design, and desired post-printing evolution pathway
[51,52].

5.2. Fermentation-Driven Activation: Time-Programmed Softening, Porosity Effects, and Nutritional
Evolution

Fermentation provides a biological activation route that can reshape texture and internal
structure without external physical triggers, while simultaneously altering nutritional and sensory
attributes. In printed idli batter systems, time-dependent changes were linked explicitly to
architecture and formulation. Hardness reduction and shape change scaled with infill: constructs
printed at 40% infill showed 37% lower hardness than 100% infill, consistent with increased porosity
and lower structural density [42]. Formulation also modulates fermentation kinetics. Pear]l millet
fortification at 20% (w/w) accelerated fermentation, increasing acid production and amplifying
fermentation-driven changes relative to controls [42]. A practical process window was reported: most
food inks require 12-36 h at 30-40°C, while fermentation beyond 48 h increases the risk of
degradation or contamination, and fermentation shorter than 12 h may yield incomplete changes in
structure and nutritional endpoints [42]. Fermentation-oriented 4D mechanisms are therefore
architecture-dependent: printed geometry determines gas retention and pore evolution, while
formulation governs microbial activity and matrix susceptibility. This also motivates integration with
broader fermentation innovation in plant-based foods, where microbial metabolism can be used
alongside printing to steer sensory profile development and functional performance over time [54].

5.3. Digestive-Environment Activation: pH, lonic Strength, Hydration, and Staged Release

A significant portion of food-relevant 4D behavior aligns naturally with gastrointestinal stimuli,
where hydration and chemical gradients serve as intrinsic activators. pH-responsive mechanisms
regulate swelling, deswelling, relaxation, and electrostatic interactions, enabling staged release
during transitions from the stomach to the intestine. The efficacy of such digestive-environment
activation is intrinsically linked to the printed product's internal architecture. As reviewed by
Lombardi et al. [55], the controlled design of hierarchical porosity —combining macro- and micro-
scale pores—can modulate enzyme penetration and diffusion pathways, thereby directly influencing
the kinetics of nutrient release and matrix degradation. This positions porosity not just as a textural
element, but as a tunable parameter for governing bio-accessibility in 4D-printed foods. Beyond
simple shape transformation, 4D printing with zein-based specimens utilizes the water-driven self-
assembly of hydrophobic fibrils to achieve temporal functional heterogeneity in both degradation
and release kinetics [56]. Notably, Zhang et al. [56] demonstrated that by modulating the composition
of the supporting bath, this behavior can be finely tuned: conduits printed in 75% water exhibit a
porous architecture that results in 88.2 + 1.17% degradation over 10 days under protease XIV
exposure, while 40% water baths yield more compact structures that limit enzyme penetration and
provide significantly lower degradation with stable wall thickness.

Ionic responsiveness provides a parallel activation mechanism because salts and pH gradients
in digestive fluids modify polymer hydration, crosslinking balance, and network stability. In a food-
printing context, coaxially printed starch/alginate—pectin hydrogels showed pH-responsive behavior
and maintained structural fidelity while enabling encapsulation functionality, demonstrating how
edible printed hydrogels can be designed for environment-dependent integrity and release [57].
Pectin hydrogels provide a clear pH-linked quantitative framework for food-relevant behavior:
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gelation is inhibited under acidic gastric conditions (around pH 2.0-3.0), becomes favorable in the
small intestine (pH 6.0-6.5), and can further consolidate in the colon-like range (pH 7.5-8.0), enabling
environment-dependent control over integrity and release [58].

Emulsion gels extend this logic by coupling interfacial stability with digestive conditions.
Protein—polysaccharide complexes that stabilize emulsion gel inks are modulated by pH-dependent
electrostatic interactions, enabling programmed gel formation or breakdown and supporting
controlled release of hydrophobic bioactives through digestion-linked interfacial changes [59].
Within a 4D framework, these systems support sequential responses: constructs can remain stable
through early exposure and activate later through hydration, pH shifts, ionic changes, and enzymatic
action, yielding time-dependent release profiles rather than a single-step response [49].

5.4. Multi-Stimulus Systems and Application Targets: From Delivery to Medical Nutrition

Multi-stimulus designs combine physical consolidation (thermal), biological remodeling
(fermentation), and digestive triggers (pH/ionic strength/hydration) to achieve programmable
performance. Bigel architectures—hydrogel-oleogel hybrids—provide an additional design degree
of freedom by separating hydrophilic and lipophilic domains, enabling dual-phase control where the
hydrogel governs water-driven transport and the oleogel supports lipophilic protection and
enzymatic breakdown pathways [60].

Application-driven 4D food printing emphasizes functional outcomes that evolve over time:
improved stability of sensitive compounds during processing and storage, followed by controlled
bioaccessibility during digestion [53]. The evaluation of final product functionality —nutritional and
sensory —is vital for the impact of 3D-printed foods. Herdeiro et al. [61] assessed snacks with edible
insect meals (Tenebrio molitor, Alphitobius diaperinus), providing key post-printing data: protein
content reached ~14 g/100g, antioxidant capacity increased (DPPH from 3.53 to 9 pmol TEAC/g for
A. diaperinus), and sensory scores were acceptable (~4.5-4.9/9). These quantitative results in nutrition
and palatability illustrate the 'evolved state' 4D printing seeks, stressing the importance of future
strategies that deliver both physiological benefits and consumer acceptance. Similarly, an effort to
develop a snack cracker that utilizes imperfect vegetables (3D-printed snacks from upcycled broccoli
and carrot powders) as alternative ingredients that add value both nutritionally and economically
has also been reported [62].

Medical nutrition provides a strong target domain, including texture-managed foods designed
for safe swallowing and improved palatability, where printed architecture and post-processing
jointly govern time-dependent softening and stability Wang et al. [63]. The internal structural design
of printed products —including infill density, layer orientation, and compartmentalization —critically
determines quality retention and nutritional preservation during post-processing interventions [63],
as demonstrated in dysphagia applications [40,64—67]. Sesame oil bodies (SOBs) have recently
attracted attention in dysphagia-oriented food design because they naturally contain bioactive
compounds and exhibit suitable rheological behavior for extrusion-based printing [68,69]. Such lipid—
protein structures enable the formulation of soft-textured foods with improved nutritional value
while maintaining printability. Protein-based inks and plant-based meat analog formulations further
extend this concept by enabling formulation-driven control of network architecture and post-
processing texture development.

5.5. Emerging Multiphase Architectures for Functional 3D Food Printing

The research efforts and the systems discussed in this section are considered as advanced
interfacial/multiphase strategies for tuning printability and post-printing functionality.
Coaxial food printing

Multiphase structuring approaches such as coaxial extrusion have expanded the functional

capabilities of food printing. Emulsion gels and bigels—biphasic systems combining hydrogel and
oleogel phases—have emerged as promising printable materials and fat mimetics [70-75]. These
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systems provide simultaneous control of hydrophilic and lipophilic domains, improving mechanical
strength and structural stability. For example, Johansson et al. [76] demonstrated that pea-protein-
based bigels can be used for single-, dual-, and coaxial-material printing, producing structures with
enhanced mechanical integrity. Comparable improvements in structural stability have also been
reported for other emulsion-gel formulations [77].

Gels utilizing nanoparticles and nanorods

Nanostructured stabilizers further enhance food inks. Starch nanoparticles can be used to
stabilize emulsions because they can adsorb at the oil-water interface, forming physical barriers,
hence causing a reduction in droplet interactions [78]. They can also interact with carrageenan, a
colloidal polysaccharide, forming 3D gel networks, thereby empowering system stability and
mechanical strength [79]. Starch nanorods (SNRs) have been synthesized at different aspect-ratio
shapes with the aid of alkaline hydrolysis-nanoprecipitation facilitated by thermal regulation, as
reported by Chen et al. [80] and Ruan et al. [81]. Starch nanorods (SNRs) with prismatic, ellipsoidal,
and spindle-shaped morphologies have also been employed to stabilize docosahexaenoic acid
(DHA)-rich algal oil emulsion gels as reported by Zhong et al. [82].

Protein-based Pickering emulsion 3D printing

Pickering-emulsion-based 3D printing represents another emerging strategy. This method uses
stable Pickering emulsions as inks for the creation of complex food structures with high precision
[83,84]. Layer-by-layer deposition is being used for control of shape and function [85-87]. Pickering
emulsion stability and rheology can be improved with the aid of Xanthan gum (XG), a natural
polysaccharide. If combined with proteins, XG forms stable interfacial networks, increasing phase
viscosity [88,89]. Marine protein-based platforms such as mussel adhesive protein (MAP), a natural
biopolymer rich in 3,4-dihydroxyphenylalanine (DOPA) combined with xanthan gum (XG) were
employed to stabilize Pickering emulsion gels and showed long-term stability and reliable
printability [90].

6. Outlook: Multi-Parameter Interactions in 3D/4D Food Printing

Successful 3D food printing depends on optimizing three interconnected domains: (1) Network
Architecture, which sets fundamental gel properties via formulation; (2) Critical Rheological
Properties, which control material flow and recovery; and (3) Process Characteristics, which translate
material properties into fabrication outcomes.

Critical parameters—such as storage modulus, yield stress, viscosity, loss tangent, nozzle
diameter, printing speed, layer height, extrusion rate, starch, and water content—jointly determine
printing outcomes. Secondary factors (loss modulus, print temperature, extrusion pressure, protein,
and hydrocolloid content) further refine these effects. Optimal parameter ranges are material-specific,
necessitating experimental validation for new formulations.

Multi-parameter interactions are critical: G' enhances stability, while yield stress avoids
spreading and extrusion issues. Smaller nozzles require slower speeds and lower viscosities; higher
printing speeds (>400 mm/min) with low-viscosity inks risk filament thinning unless a high G' is
maintained. Small layer heights demand higher G' for structure, and starch content below 20%
undermines network strength, whereas the upper limit should be particularly identified. Complex,
multi-component systems, such as ionic-crosslinked and dual-crosslinked systems, deliver superior
mechanical properties at the cost of increased complexity. Processing parameters —such as printing
speeds and nozzle diameters—vary up to 50-fold across formulations, making formulation-specific
optimization essential.

In the framework presented here, multi-parameter optimization —formulation, rheology, and
process conditions —enables precise 3D printing and forms the basis for 4D food printing, where post-
printing stimuli activate time-dependent structural and functional changes. This progression
connects static fabrication to dynamic, programmable food constructs.

This framework shows that 3D/4D food printing success depends on:
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e Higher G' generally increases stability and stacking accuracy (G' >4000 Pa), but excessive
stiffness impairs extrudability unless balanced by strong shear thinning.

e Low Yield Stress causes spreading; above 500 Pa, extrusion is difficult. Most formulations
perform best at 100-300 Pa.

e  Nozzle diameter and printing speed are interdependent: smaller nozzles require slower speeds
and lower viscosities; larger nozzles handle higher viscosities and faster deposition rates.

e  Printing speeds above 400 mm/min with low-viscosity inks risk filament thinning and collapse
unless elasticity is maintained (G' >2000 Pa).

e Layer heights below 0.3 mm can improve fidelity but require strong elastic recovery, typically
from higher G'.

e  Starch content above 30% restricts extrudability; below 20% weakens the network and reduces
stability.
Integrating formulation, rheology, and processing builds a comprehensive framework that

advances 3D/4D food printing toward commercial and multi-material applications.

Critical Research Gaps and Future Directions

Current literature employs diverse rheological measurement protocols, making direct
comparison across research efforts challenging. The field would benefit substantially from the
development of standardized measurement protocols, critical threshold values for key parameters,
multi-parameter printability indices, and process-relevant measurement conditions. While
individual publications demonstrate specific formulation-property linkages, comprehensive maps of
how formulation variables systematically affect network architecture and printing performance
remain unfinished. Future research should develop high-throughput formulation screening,
quantitative composition-property maps, material selection frameworks, and cross-material
comparison studies. Although current research efforts tend to address network characterization and
process optimization together, a great section of effort still tackles these separately. Integration would
require coupled formulation-process optimization, machine learning models, dynamic measurement
approaches, and real-time feedback control systems. While biomedical 4D printing applications have
advanced substantially, food-specific applications remain underdeveloped. Priority research areas
include personalized nutrition, dysphagia-adapted foods, food waste reduction, regulatory
pathways for 3D-printed food products, and scalability and economics demonstrations.
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