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Abstract

The development of sustainable materials for additive manufacturing (AM) has positioned
starch as a compelling alternative to conventional thermoplastics. However, the successful
implementation of starch in 3D printing (3DP) relies on precise control of its supramolecular
organization, rheological behavior, and processing conditions. This article analyzes starch-
based hydrogels for extrusion-driven AM, establishing explicit links between molecular
architecture, gelatinization, and viscoelastic performance. The influence of key rheological
parameters on extrudability and shape fidelity is examined in parallel with critical process-
ing conditions. Chemical and physical modification routes of starch are compared in terms
of their structural impact and printability enhancement. The integration of additives such
as polysaccharides, proteins, and inorganic salts is discussed as a strategy to overcome
intrinsic mechanical limitation. Emerging non-food application in drug delivery, tissue en-
gineering, or conductive/intelligent hydrogels demonstrates the expanding technological
relevance of starch-based formulation. Remaining challenges include predictive, rheology-
based design, and the development of multifunctional 4D-printing capabilities. Progress
in this field is crucial for positioning starch as a robust platform for sustainable AM, but,
despite this progress, a systematic and quantitative framework linking starch molecular
architecture and rheological behavior to printing-process parameters and outcomes is still
lacking, thus constituting the central gap addressed in this review.

Keywords: starch; additive manufacturing; hydrogels; 3D printing; biopolymers; drug
delivery; biosensors; conductive hydrogel

1. Introduction
Additive manufacturing (AM), commonly referred to as 3D printing, enables the fabri-

cation of three-dimensional objects from 3D computer-aided design (CAD) by depositing
and layering structural materials or biological components, such as thermoplastics, metals,
ceramics, or biological cells. Having emerged several decades ago with the advent of
stereolithography (SLA), AM has undergone noticeable technological evolution, giving rise
to a large range of new tools capable of producing diverse classes of single or composite
materials. Currently, AM encompasses a wide array of technologies, including extrusion,
(binder-)jetting, sheet lamination, powder bed fusion, and vat photopolymerization [1]. Its
innovative potential has garnered significant attention, as AM emerges as a transformative
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technology revolutionizing product manufacturing across various industries, including
healthcare, aerospace, automotive, and architecture/construction [2–5].

A critical analysis of the State of the Art reveals that a significant proportion of
AM studies relies on thermoplastic systems, including polyolefins, (meth)acrylates, and
poly(vinyl alcohol). Formulations based on acrylonitrile butadiene styrene (ABS) resins
have likewise been extensively reported. The chemical identity and formulation of the
thermoplastic matrix, whether employed as a single component or within multicomponent
blends, provide a versatile framework for tailoring the mechanical properties of the result-
ing materials. Such adaptability is critical for fulfilling the stringent and application specific
requirements of advanced sectors, particularly in the biomedical and aeronautical fields.

Following current research trends, and driven by ambitions for sustainability and
circularity, the scientific community is increasingly exploring bio-based alternatives to sub-
stitute conventional thermoplastics in additive manufacturing. In this context, numerous
studies have examined the potential of polysaccharides and their derivatives, including
hemicelluloses and starch, as well as chitosan, alginates, and other renewable polymeric
materials, such as polylactic acid (PLA), which offer tunable properties for mechanical
performance, printability, and biodegradability (Table 1).

Table 1. Selected examples of bio-based polymers explored as alternatives to conventional thermo-
plastics in additive manufacturing.

Conventional Thermoplastics Alternative Bio-Based Polymers Applications References

ABS (acrylonitrile–butadiene–styrene) PLA (polylactic acid) Filaments, rapid prototyping [6,7]

PE (polyethylene), PP (polypropylene) PHA (polyhydroxyalkanoate) Film, packaging [8,9]

PHEMA (poly-2-hydroxyethyl
methacrylate), PVA (polyvinyl alcohol) Starch, alginate, chitosan, gelatin Hydrogels, biomedical [10–12]

PEG (polyethylene glycol), PVP (polyvinyl pyrrolidone) HPC (hydroxypropyl cellulose) Drug delivery systems [13]

PEDOT: PSS (poly(3,4-ethylenedioxythiophene) (PEDOT)
and sodium poly(styrene sulfonate) (PSS))

Sodium alginate and
functionalized agar Sensors/electronic Interfaces [14,15]

More specifically, starch has progressively gained significant attention as a potential
inflow in AM. Widely available, low-cost, and biocompatible, starch also exhibits tunable
physicochemical properties, making it a particularly attractive candidate for extrusion-
based additive manufacturing, including pneumatic extrusion, screw-assisted extrusion,
fused deposition modeling (FDM), and solid freeform fabrication (SFF) techniques (Table 2).

Beyond material selection, precise control of process parameters is increasingly recog-
nized as essential to achieving structural fidelity in extrusion-based additive manufacturing.
Recent work has demonstrated that finite-element simulation frameworks, built directly
from printer G-code and calibrated against key process parameters, can predict the true,
physically deformed filament cross-section with a thickness error of 1% and a width error
of 8% relative to experimental measurements, and reproduce the resulting mechanical
tensile response with correlations exceeding 95% in the elastic regime and 90% in the elasto-
plastic regime across multiple raster orientations [16]. Such predictive, simulation-based
approaches illustrate the broader shift toward digitally optimized extrusion processes and
provide useful foundational context for the rheology-based formulation and process design
strategies for starch-based inks.
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Table 2. Representative examples of starch-derived formulation in extrusion-based AM and some selected applications.

Material Composition Starch Concentra-
tion/Amylose Content AM Type and Parameters Rheological Values Applications Ref.

Starch (waxy maize) + oat protein
+ cellulose nano-fiber 10–15 wt%/0%

Pneumatic extrusion: room temp.;
air pressure: 22–114 kPa; speed: 2 mm/s;
nozzle diam.: 0.41 mm; nozzle height:
0.3 mm

G′ = 261–280 Pa; yield
point = 5.34–8.52 Pa

Food design
(design of healthy novel food) [17]

Starch (normal (NW and waxy (WM)
maize; potato (P)) + ibuprofen

30 wt%/27% (NM),
0% (WM), 25% (P)

Direct ink writing (DIW): speed: 6 mm/s;
nozzle diam.: 0.8 mm; nozzle height:
5–7.2 mm; 100% infill

G′ = 261–280 Pa; yield
point = 5.34–8.52 Pa

Encapsulation, drug delivery
(tailored administration of
hydrophobic drugs)

[18]

Starch (corn) + glycerol + montmorillonite
+ magnesium stearate + citric acid
+ methylsulfonylmethane

70 wt%/26%
Fused Deposing Modeling (FDM): temp.:
205–220 ◦C; speed: 12–300 mm/s;
nozzle diam.: 0.8 mm; 40–50% infill

N.D. Encapsulation, drug delivery
(scaffold for deep wound treatment) [19]

Starch (corn (C), potato (P), cassava (CS))
+ hydroxyapatite (HA)

1.63–5.46 wt%/25% (C),
20% (P); 15% (CS)

Solid freeform fabricator (SFF): speed:
40 mm/s; nozzle diam.: 0.7–0.9 mm;
nozzle height: 1.5 mm; 40% infill

N.D. Biomedical scaffold, tissue engineering
(mimic of natural bone) [20]

Starch (corn) + gelatin 10 wt%/N.D. Bioprinting: speed: 2–14 mm/s;
nozzle diam.: 0.3 mm: 30% infill

G′ = ~380–5000 Pa;
yield point = ~130–1100 Pa

Biomedical scaffold, tissue engineering
(bioactive compounds) [21]

Starch (potato) + anthocyanin
+ phycocyanin + chondroitin sulfate 12–18 wt%/30% Direct ink writing (DIW): speed:

18–30 mm/s; nozzle diam.: 0.2–0.6 mm G′ = ~160–1350 Pa
Smart or intelligent packaging
(colorimetric indicator of packaged
food freshness)

[22]

Starch (potato) + gold nanoparticles 4 (w/v)/N.D. Inkjet printing: temp.: 50 ◦C; 500 Hz
jetting frequency N.D. Flexible electronics (substitute to

organic solvent-based formulations) [23]
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Despite this progress, a systematic and quantitative framework linking starch molecu-
lar architecture and rheological behavior to printing-process parameters and outcomes is
still lacking, and it thereby constitutes the central gap addressed in this review.

2. Materials and Methods
This review was compiled through a structured, though not formally systematic,

literature search covering the scientific literature on starch-based materials for extrusion-
based additive manufacturing. Relevant records were identified using SciFinder, Scopus,
and Google Scholar, selected as complementary sources covering the chemistry, engineer-
ing, and materials-science literature relevant to this topic. Google Scholar searches were
additionally used to capture recent publications and grey literature not yet indexed in
the two bibliographic databases, and to cross-check the completeness of the Scopus and
SciFinder results.

The search followed a two-tier strategy. First, broad searches combining the core
terms “starch” and “3D printing”/“additive manufacturing” were used to identify the
general body of literature and existing reviews on starch-based additive manufacturing,
providing an overview of the field and its main sub-topics. Second, once the structure of the
review had been established, targeted searches were performed for each specific technical
section, combining “starch” and/or “3D printing” with terms specific to the topic under
discussion. The specific search terms used for each section are summarized in Table 3 below.
In addition to database searching, the reference lists of key review articles identified during
the search were manually screened to identify additional relevant primary research articles
(snowball sampling).

Table 3. Search terms and Boolean combinations used for each section of the review.

Topic/Section Keywords and Boolean Combinations

General/broad search (“starch” OR “starch-based”) AND (“3D print*” OR “additive manufactur*”)

Narrowed to material behavior “starch” AND “3D printing” AND (“rheolog*” OR “printability” OR “extrusion”)

Gelatinization/rheology “starch” AND “gelatinization” AND (“rheolog*” OR “viscoelastic*” OR “storage
modulus” OR “shear-thinning”)

Process parameters “starch” AND “3D printing” AND (“nozzle” OR “printing speed” OR “extrusion
pressure” OR “printing temperature”)

Chemical modification “starch” AND (“oxidation” OR “cross-link*” OR “esterification” OR
“etherification”) AND (“3D printing” OR “printability”)

Physical modification
“starch” AND (“high pressure processing” OR “ultrasound” OR “microwave” OR
“radio frequency” OR “pulsed electric field” OR “dry heat treatment”) AND “3D
printing”

Biological modification
“starch” AND (“enzymatic modification” OR “debranching enzyme” OR “genetic
modification” OR “CRISPR” OR “waxy starch” OR “high amylose”) AND
(“printability” OR “3D printing”)

Additives “starch” AND (“xanthan gum” OR “carrageenan” OR “gelatin” OR “protein” OR
“inorganic salt”) AND (“3D printing” OR “hydrogel”)

Non-food applications

“starch” AND “3D printing” AND (“drug delivery” OR “controlled release”)
OR (“tissue engineering” OR “scaffold” OR “bioprinting”)
OR (“conductive” OR “biosensor” OR “electronic”)
OR (“smart packaging” OR “intelligent packaging” OR “freshness indicator”)
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Both review articles and original research articles were considered eligible, with a pref-
erence for research articles reporting direct experimental evidence on starch rheology, modi-
fication, or printing performance, and reviews used primarily to provide overview/context
and to identify further primary sources. Searches were not restricted to a fixed start date
in order to capture the foundational literature on starch gelatinization and rheology, but
the search and article selection prioritized publications from the last decade, reflecting the
relatively recent emergence of starch-based additive manufacturing as an active research
area. Only articles published in English were considered. Conference abstracts and patents
were not included as primary evidence, although patent literature was consulted informally
during background reading.

Records identified via database searching were first screened by title and abstract to
exclude studies unrelated to starch and/or additive manufacturing/3D printing. Full texts
of the remaining records were then assessed for eligibility, excluding non-English-language
articles, conference-abstract-only or patent-only records, and studies whose content was
judged insufficiently relevant to the scope of this review. Studies addressing food-related
3D-printing applications of starch were included only where their formulation, rheological,
or processing findings were judged directly transferable to the non-food applications
discussed in this review, consistent with the non-food scope stated in the manuscript title.

3. Starch-Based Materials for 3D Printing
From a (supra)molecular perspective, starch is a natural biopolymer composed primar-

ily of amylose and amylopectin, two homopolymers of D-glucopyranose. These monomers
are linked mainly through a-(1,4) glycosidic bonds with a-(1,6) linkages occurring mostly
at the branch points of amylopectin. During the thermal process, which occurs either at
the stage of starch extraction from its raw material or immediately prior to 3D printing,
starch undergoes gelatinization, and the semicrystalline organization of the biopolymer is
disrupted. From a phenomenological point of view, amylose chains leach into the aqueous
phase and reorganize through intermolecular hydrogen bonding, forming a continuous gel
network. The branched architecture of amylopectin interpenetrates this network, reinforc-
ing its supramolecular structure and contributing to the mechanical stability of the resulting
starch gel. This process imparts viscoelastic properties to the gelatinized starch, allowing
it to respond to applied shear forces and exhibit shear-thinning behavior. Additionally,
retrogradation of both homopolymers after gelatinization further enhances the mechanical
strength of the starch gel, enabling it to effectively retain its shape after printing. Owing to
these unique gel characteristics, starch demonstrates significant potential as an extrusion
material for AM [24].

Practically speaking, extrusion-based AM relies on different mechanisms that govern
how the material is deposited. Pneumatic extrusion is particularly suited for low-viscosity
starch formulations and can drive multiple extrusion heads with variable flow rates. In
screw-based extrusion, the material is loaded into a cartridge and transported by a motor-
driven auger, with the starch paste extruded through a nozzle [25]. Piston-based extrusion,
by contrast, offers precise control over the extrusion rate by adjusting motor speed, making
it especially effective for highly viscous starch gels [26]. All of these mechanisms fall under
the umbrella of direct ink writing (DIW), a room-temperature extrusion technique distinct
from thermoplastic-based fused deposition modeling (FDM).
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Table 4. Comparison of the main starch sources reported for extrusion-based deposition.

Starch Source Typical Amylose Content Gelatinization
Temperature Range Typical Rheological Behavior for Extrusion-Based 3DP References

Maize or corn
25–28% (waxy variants < 5%;
high-amylose cultivars
up to 55–72%)

64–75 ◦C Moderate viscosity and G′ at conventional amylose levels. Strongly
amylose-dependent. [27]

Potato 0–25% 58–68 ◦C
Low gelatinization temperature and high native viscosity. Shear-thinning with
good self-supporting behavior at 15–25% w/w concentration, giving G′ in the
order of 600–1050 Pa.

[24]

Cassava/tapioca 17–20% 64–74 ◦C High native viscosity that can hinder smooth extrusion. [28]

Rice 15–30% 70–80 ◦C
Generally, the best hot-extrusion printability among the common cereal starches,
combining adequate flow stress with strong self-supporting behavior and
smooth, continuous filament deposition.

[24]

Wheat 25–28% 57–66 ◦C
Printability strongly depends on the parent flour’s gluten level. Starch from
medium-gluten flour gives the most accurate, unbroken printed lines, indicating
an intermediate, well-balanced viscosity/setback profile.

[29]

Pea/bean 30–40% 60–71 ◦C
Higher native amylose content than cereal starches gives stronger gel networks
in principle, but native pea starch has low water-holding capacity, narrowing its
printable formulation window relative to pre-gelled forms.

[30]
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Beyond these conventional botanical sources (shown in Table 4), waste-derived
starches recovered from agro-industrial by-products have recently attracted interest as
low-cost, sustainable feedstocks for non-food 3D printing. Their valorization reduces the en-
vironmental burden and disposal cost associated with agro-industrial and food-processing
residues, and contributes to a circular-economy approach to biomaterial sourcing. However,
these starches typically present greater compositional variability than purified commer-
cial starches, owing to residual protein, fiber, and ash content inherited from the source
material, and generally require additional purification and/or plasticization steps to reach
mechanical and rheological properties comparable to those of virgin starch before they can
be reliably used in printable formulations [31,32].

For starch-based hydrogels, which typically exhibit high viscosity, piston-driven DIW
is the preferred method, as it ensures consistent extrusion without substantial heating
while preserving the shape fidelity of the deposited layer [33,34]. The effectiveness of
piston-driven extrusion for starch gels is governed not only by the extrusion mechanisms
themselves but also by the intrinsic physicochemical and rheological properties of the
starch–water system. In particular, the amylose-to-amylopectin ratio critically influences
viscosity, elasticity, and structural stability during and after extrusion [35]. Combined with
the shear-thinning behavior of gelatinized starch, these properties make piston-driven DIW
highly suitable for fabricating well-defined starch-based 3D structures (Figure 1).

Figure 1. Pneumatic (a), screw-driven (b), and piston (c) mechanisms for extrusion of starch-based
hydrogels in DIW printing (adapted from [36]).

For efficient extrusion, starch-based printable hydrogels must have a sufficiently
low viscosity, while a high storage modulus (G′) ensures the structural stability of the
printed product. The rheological behavior of starch is largely dependent on the molecular
structure of amylopectin. Longer amylopectin chains and higher molecular weights are
generally correlated with increased viscosity and gel hardness, whereas shorter chains
reduce viscosity and the consistency index (K value) [37,38]. Amylose content also plays
a critical role, with amylose chains positively correlated with the flow behavior index
(n value) of starch gels [38]. Starches with a higher amylose content exhibit greater viscosity
and K value than those with lower amylose levels, which can complicate extrusion due
to the increased viscosity [39]. Furthermore, amylose retrogradation during short-term
storage enhances the elasticity of starch gels, which is crucial for shaping and hardening
printed products by promoting stronger and more compact structures [40]. Globally, if
tan δ, which is the ratio of G′′ (loss modulus) to G′ (storage modulus), also known as the
damping factor, is lower than 1 (G′′ < G′), the gel exhibits more solid-like behavior; if it is
higher than 1 (G′′ > G′), the gel behaves more like a viscous liquid [41].

The concentration of starch in the hydrogel also plays a crucial role. Higher starch
concentrations primarily lead to an increase in solid content, which directly impacts the
flow properties of the gel. Higher solid content facilitates shear-induced structural changes,
which aids in the formation of 3D-printed products [42]. As solid content rises, viscosity
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also increases due to intensified molecular interaction, mainly from the physical entangle-
ment of polysaccharide chains [43]. Water mobility in the system is influenced by the starch
concentration, highlighting the role of starch content in regulating water movement, as
well as gel density, via larger H-bond interaction between water molecules and polymer.
The concentration of starch also affects the mechanical strength of products. A higher
biopolymer concentration promotes the formation of a compact gel network, resulting in
increased elasticity. However, excessive mechanical strength and solid-like behavior can
lead to fractured deposited lines, making extrusion difficult. For example, starch slurries
with higher concentrations exhibit more solid-like behavior and poor fluidity, whereas
lower concentration slurries display more liquid-like behavior and better fluidity, thus mak-
ing extrusion easier but compromising shape stability during printing [44]. Starch-based
products made from high-concentration starch form dense gel networks with thicker pore
walls and smaller pore sizes, which enhance their structural integrity and extrudability [34].
It has also been observed that printed potato starch materials exhibited a dense network
due to the high storage modulus and yield stress provided by high starch concentrations,
ensuring greater printing precision and strength. Thus, high starch concentrations im-
prove both the mechanical strength and viscosity of the gel, leading to more accurate and
durable printed products. However, starch gel with high concentrations must be properly
matched to the extrusion capacity, or they risk becoming too difficult to extrude through
the nozzle [45].

During gelatinization, starch granules begin to swell upon reaching their gelling
point, leading to a rapid increase in viscosity until the peak is reached (Figure 2). As
heating continues, the granules break down, causing the viscosity to drop to what is known
as the trough viscosity. When the starch gel cools, the rearrangement of amylose and
amylopectin, also known as retrogradation, increases the viscosity once again, reaching the
final viscosity [46,47]. Each stage of gelatinization is associated with distinct rheological
properties, particularly regarding viscosity [48]. By controlling the degree of gelatinization,
it is possible to enhance and regulate the 3D-printability of starch. Moreover, a higher
degree of gelatinization improves starch degradation, as the process disrupts the starch
structure and increases its proneness to enzymatic hydrolysis. Since degradation is an
important quality metric for starch products, pre-gelatinization plays a key role in the
quality of starch-based 3D-printed materials [49].

The breakdown efficiency of starch-based printed products depends largely on the
extent of the ordered structure that remains intact in the 3D-printer barrel and the rear-
rangement during extrusion and deposition. As pre-gelatinization increases, most ordered
structures, such as crystal domain and α-helices, are destroyed, leading to greater molecular
mobility and hydrolytic decomposition [50]. Conversely, lower pre-gelatinization during
printing results in more resistant starches with slower degradation that preserve the ordered
structure [45]. In summary, the degree of pre-gelatinization significantly influences both
printability and degradability by modulating the rheological properties and maintaining
the ordered structure in starch-based 3D-printed products.

Beyond the qualitative description of shear-thinning and gel-like behavior, the lit-
erature provides several directly quantified benchmarks that separate successful from
unsuccessful hot-extrusion 3D-printing outcomes. Perhaps the clearest quantitative thresh-
old reported to date is that of Cui et al., who found that potato starch composite gels
(with added sodium alginate and/or xanthan gum) achieving a geometric printing ac-
curacy of ≥95% corresponded to an apparent viscosity of 574–1120 Pa·s at a shear rate
of 1 s−1; gels with an apparent viscosity below 574 Pa·s or above 1120 Pa·s at this shear
rate were unsuccessfully printed, either collapsing under their own weight or failing to
extrude as a continuous filament [43]. A comparable optimal apparent viscosity of approxi-
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mately 620 Pa·s at 1 s−1 was independently reported for mashed potato gels. Zeng et al.,
working with corn and rice starch gels, similarly identified a preferable combination of
storage modulus (G′), yield stress (τy), and flow stress (τf) of 1150–6909 Pa, 32–455 Pa,
and 140–722 Pa, respectively, for successful hot-extrusion printing, corresponding to a
starch concentration of 20% at 70–75 ◦C for corn starch and 15–20% at 75–85 ◦C for rice
starch. Outside these concentration/temperature windows, gels were either too weak to
self-support or too viscous to extrude smoothly [34]. Yang et al. reported that a potato
starch-thickened lemon juice gel at 15 wt% starch, with an apparent viscosity of 8079.3 Pa·s
(at a shear rate of 0.1 s−1), G′ of 4924.2 Pa, G′′ of 760.8 Pa, and tan δ of 0.155, produced the
smoothest surface texture and the best geometric match to the target model; increasing
the starch content to 17.5–20 wt% produced excessively viscous gels with a lower tan δ

that were difficult to extrude and prone to broken, discontinuous deposited lines, while
decreasing it to 10–12.5 wt% produced gels with a higher tan δ that over-extruded and
failed to retain their printed shape [44]. Complementary structure–property data support
these thresholds: Ji et al. reported K-index and n-index values, obtained by fitting the
power-law model, of K = 159.7–283.8 Pa·sn for the best-performing wheat and corn starch
gels, compared with K = 122.2 Pa·sn for the poorly performing sweet potato starch gel,
whose printed center height collapsed [38]. Ahmadzadeh and Ubeyitogullari similarly
showed that corn starch inks with a linear-region elastic modulus (G′

0) of 950–1500 Pa
produced well-defined, near-spherical 3D-printed beads, whereas a lower-amylose starch
ink with a G′

0 of only 120 Pa failed to retain a spherical shape after printing, consistent
with the general benchmark proposed elsewhere that an elastic, gel-like material suitable
for extrusion-based printing should exhibit G′ > 500 Pa, together with tan δ < 0.2 [39].

Figure 2. Evolution of the viscosity (and evidence of microstructural transitions) of starch systems as
a function of the temperature.

4. Critical Technical Parameters and Their Optimization for 3D
Printing Starch

The final performance of a 3D-printed starch-based construct is governed not only
by the physicochemical, mechanical, rheological, and microstructural properties of the
starch–gel formulation, but also by the careful optimization of processing parameters,
including printing speed, extrusion flow rate, nozzle diameter, and printing temperature.
These parameters are critical for enhancing the accuracy, resolution, and overall efficiency
of the 3D-printing process [51].

The dimensional accuracy of starch-based 3D-printed objects depends strongly on
printing speed, generally between 5 and 50 mm/s for DIW-compatible materials (Figure 3).
Yang et al. proposed an equation (Equation (1)) to estimate the optimal speed, considering
the extruded volume (Vex), nozzle diameter (Dn), nozzle height (hn), and nozzle movement
speed (vn) [44,52]. Printing speed must be balanced with material characteristics. Indeed,
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excessive speed or pressure leads to filament overlap and deformation, while too low speed
or pressure causes discontinuous extrusion and collapse.

Vex =
π

4
vn Dn

2 =
π

4
vn hn

2 (1)

Figure 3. Key technical parameters influencing starch-based 3D-printing performance.

This equation expresses the nozzle movement speed (vn, in mm/s) required to deposit
a given extruded volume (Vex, in mm3/s) uniformly, as a function of the nozzle diameter
(Dn, in mm) and nozzle height (hn, in mm), and it is the balance between these variables,
together with the extrusion flow rate and pressure, that ultimately determines filament
thickness, internal pore structure, and overall print quality. For a fixed extruded volume
and nozzle diameter, a nozzle movement speed that is too low relative to the material
output causes more material to accumulate per unit length than the nozzle geometry and
layer height can accommodate. The excess material then spreads laterally and vertically,
producing filament overlap, flattened or fused strands, and loss of shape fidelity in the
deposited layer, consistent with the curling, stacking, and poor resolution reported under
excessive extrusion pressure [53]. Conversely, when the nozzle movement speed is too high,
or the material flow rate too low, relative to the extruded volume, insufficient material is
delivered per unit length, and the deposited filament becomes discontinuous, thinner than
the nozzle diameter, and highly porous, failing to bond adequately with the preceding layer,
which compromises the mechanical integrity of the printed structure and, in the most severe
cases, leads to structural collapse under the weight of subsequently deposited layers [54].
Nozzle geometry further constrains this balance: nozzle diameter directly affects shape,
surface roughness, and extrusion uniformity, with too small a diameter risking clogging
of the starch gel and too large a diameter causing over-extrusion and poor resolution [55],
while a larger diameter also increases the volume delivered per unit time at a given speed,
requiring a proportionally higher nozzle movement speed to avoid over-deposition; nozzle
height, in turn, governs the vertical space available for the extrudate to settle without being
compressed against the previous layer or, if excessive, without losing contact and continuity
with it. In practice, this means that any change in nozzle geometry (diameter or height) or
in extrusion pressure requires a corresponding adjustment of the nozzle movement speed,
for a given extrusion flow rate, in order to remain within the printable window that avoids
both overlapping/deformation and discontinuity/porosity/collapse.

Temperature was also assessed on the properties and printability of 3D-printed starch
gels. Some analyses evidence that there is no correlation between printing temperature
and gel viscosity during printing. However, an increase in temperature enhances material
flowability and reduces the force required for extrusion. Additionally, higher temperatures
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improve structural fidelity post-printing. Likewise, Zeng et al. examined the correlation
between temperature, properties and structures, via experimental data comparisons, on a
starch pre-gel that undergoes final gelation during printing [34]. Their findings indicate
that gel elasticity increases up to a certain temperature threshold before decreasing. Higher
temperatures lead to a more compact and homogeneous network structure. Finally, optimal
printability is achieved at a temperature close to the gelatinization point.

5. Improvement of the Stability of Starch-Based Materials
5.1. Chemical Modification

The modification of starch, through the introduction of specific functional groups
(including carboxyl, acetyl, and hydroxypropyl) onto the hydroxyl moieties, is known
as a strategy to modulate its printability. The scientific literature on this topic remains
limited, with few precise correlations established between the molecular structure of these
modified starches and their printability, highlighting a clear knowledge gap that warrants
further investigation. Among all the modification options, which also include esterification,
etherification, and even hydrolysis, only the oxidation and the cross-linking have been
more documented.

Oxidation, most commonly achieved through O3 (ozone) treatment but also reported
using sodium hypochlorite, hydrogen peroxide, and periodate oxidation [56], has been
found to greatly enhance the rheological properties and functionality of starch and alter
its structure by cleaving glycosidic bonds within amylopectin and amylose molecules and
replacing hydroxyl groups with carbonyl and carboxyl groups. These structural changes
enhance the rheological properties and functional performance of starch, as reported by
Maniglia et al. [28]. Their findings revealed that starch formulation prepared using starch
ozonated for 30 min exhibited superior printability and produced high-resolution products
compared to native cassava starch. The improved printability is attributed to oxidation,
which encourages the development of an organized network through molecular charge
rearrangement and modifications in size distribution. Zheng et al. reported a unique
strategy integrating the use of a printable oxidized starch-based hydrogel cross-linked
with calcium ions to make microporous hemostatic wound dressings [10]. Although O3

processing remains the most extensively documented route, a hypochlorite-oxidized starch
system has also been successfully applied to DIW of hydrogel with exceptional printability
properties [57].

It was found that cross-linking also improves the printability of gels by modifying the
viscoelastic properties. On the one hand, an example of ionic cross-linking is proposed by
Yang et al. They produced hydrogels through a straightforward process involving gela-
tinization and cross-linking in a calcium chloride solution, showing a positive dependence
between rheological properties and the amount of Ca2+ ions as a cross-linker [58]. On the
other hand, an example of covalent cross-linking is proposed by Zhu et al. They produced
hydrogels by mixing chitosan and oxidized starch, whose oxidation was controlled to
produce active carbonyls, to perform a Schiff-base reaction as a cross-linking point, thus
improving their mechanical properties and printability [59].

5.2. Physical Modification

Physical modification techniques, such as dry-heating treatment (DHT), high-
pressure processing (HPP), ultrasound-assisted (UA), microwave-assisted (µW), radio
frequency (RF), and pulsed electric fields (PEFs), have emerged as innovative methods
for tailoring starch properties. These advanced approaches, combined with the ability to
modify starch’s microstructure without chemical alteration, offer promising results for
achieving specific functional characteristics [53,60].
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Dry-heat treatment (DHT) is a versatile, straightforward, safe, and environmentally
friendly physical method for modifying the structural and physicochemical properties of
starch without by-products. This method effectively reduces the swelling capacity of starch
while significantly altering its gelatinization, viscoelasticity, and gel properties [61]. Hydro-
gels produced with starch having undergone a DHT demonstrated shear-thinning behavior
and rheological parameters suitable for additive manufacturing. Indeed, Sponchiado et al.
showed that the increase in storage modulus indicated that DHT enhances gel formation,
resulting in greater rigidity and improved recovery ability under stress [62]. Addition-
ally, the consistently low tan δ value (less than 1) highlights the predominantly solid-like
behavior of the system.

High-pressure processing (HPP) is a non-thermal method that applies pressures
between 100 and 600 MPa to starches for a few minutes at relatively low temperature
(typically between 25 and 50 ◦C). This technique effectively inactivates microorganisms
while inducing structural changes in starch granules, including alterations in crystallinity,
swelling behavior, and hydration properties [63,64]. These structural changes then affect
the functional properties of starch, increasing its resistance to heat and shear while im-
proving its gelling capabilities. The research of Larrea-Wachtendorff revealed that potato
starch hydrogels produced through HPP exhibit gel-like characteristics, represented by
high viscosity, pronounced shear-thinning and elastic behavior, and robust mechanical
properties [65]. These attributes can be tailored to meet the requirements of various appli-
cations in direct ink writing.

Ultrasound-assisted (UA) modification is another method to modify starch, utilizing
high-frequency mechanical waves (from 16 kHz to 10 MHz) to reorganize polymers. This
technique is typically applied to starch suspensions, where the cavitation effect plays a
key role in inducing structural changes on the granule through a partial depolymerization,
which can seriously impact the viscosity depending on the conditions used [66]. However,
this enhances the flexural strength and dynamic mechanical properties of the sample [67].
According to Xu et al., the application of UA as a pretreatment method notably enhanced
the 3D-printing quality of a wheat starch–papaya system [68].

Radio frequency (RF) electromagnetic wave treatments utilize dielectric heating to
generate volumetric heating through dipole rotation and ionic conduction mechanisms,
typically operating at frequencies between 10 and 300 MHz. Compared with microwave
heating (300 MHz–300 GHz), RF treatment operates at lower frequencies, resulting in
greater penetration depth and more uniform heating within the treated material. The
process involves dipole rotation and ion migration within the starch material, which
ultimately modifies its physicochemical, rheological, and gelling properties [69]. A group
of researchers illustrated that applying moderate RF treatment to a starch–water system
enhanced its extrudability during printing, while maintaining adequate viscosity and
structural integrity after deposition, ensuring the printed product retained its desired
shape [70].

Microwave-assisted (µW) modification consists of exposing starch to electromagnetic
wave energy for a defined duration. The starch soaks up the microwave radiation, aligning
with the electric field and initiating heat through molecular dipole rotation and collision
with other molecules. This mechanism increases water loss, leading to elevated internal
pressure within the granules, causing their structural collapse [71]. µW treatment effectively
enhances the functional properties of starch, increasing its resistance to heat and shear while
upgrading its thickening and gelling capabilities [60]. Guo et al. reported that microwave-
assisted heating of buckwheat starch led to weakened hydrogen bonding and enhanced
plasticity within the starch–pectin gel system [72]. The resulting Ca2+-cross-linked gel
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demonstrated improved printability, facilitating smoother extrusion and higher precision
during 3D printing.

Pulsed electric field (PEF) alteration of starch utilizes electric pulses with elevated
voltage (1–80 kV/cm) applied to starch suspensions for tiny periods. This treatment
induces both physical and chemical modification in starch molecules, including cross-link
formation, the fragmentation of starch granules into smaller ones, and a relative reduction
in the crystallinity rate, and stabilizes starch emulsions more effectively. Starch modified
through PEF demonstrates enhanced functional properties, such as increased viscosity,
improved stability, and greater resistance to enzymatic degradation [60]. Research carried
out by the team of Maniglia et al. focused on the effects of PEF treatment on wheat and
cassava starches under different electric field forces and energy supplies [73]. Their findings
revealed that PEF-treated wheat starch demonstrated superior 3D-printing performance,
such as increased hardness, reduced adhesiveness, and a smoother surface, compared to
native wheat starch. Conversely, PEF treatment had no notable impact on the properties of
cassava starch, showing results comparable to its native form. Therefore, modifications by
PEF can be of interest but dependent on the botanical source.

Table 5 presents the different physical modification strategies, their respective benefits,
and their major identified drawbacks.

Table 5. Advantages and limitations of starch physical-modification technologies.

Technology Type Advantages Disadvantages Applications References

Dry-heating treatment
High safety, improved

flow and viscosity,
functional enhancement

Time-consuming, browning risk,
limited modification

High-viscosity,
heat-stable starch [74]

High-pressure
processing

Non-thermal modification,
gelatinization without
swelling, uniformity

Extremely high equipment cost, batch
processing limitations,
starch type sensitivity

High-value product,
unique texture gels [75]

Ultrasound-assisted
modification

Molecular weight reduction,
increased reactivity, flexibility

Not purely physical, scale-up
difficulties, low impact on

crystalline regions

Porous starch preparation,
enzymatic pretreatment [76]

Radio frequency Deep penetration, selective
heating, energy efficient

Expensive and bulky equipment,
risk arcing, less research

Bulk powder processing,
drying/sterilization [77]

Microwave-assisted
modification

Extremely fast heating,
penetrative heating,
relatively low cost

Non-uniform heating, hard to control,
moisture sensitivity

Rapid drying,
lab-scale modification [78]

Pulsed electric field Structural rearrangement,
low energy consumption

Only fluids/slurries, conductivity
limits, industrial bottlenecks

Starch milk modification,
functional fluid formulation [79]

While DHT, HPP, UA modification, RF treatment, µW modification, and PEF treatment
each confer measurable improvements in starch rheological performance and printability
(Table 5), their industrial adoption should be weighed against the intrinsic economic advan-
tage of native starch, which is abundant, inexpensive, and already produced at very large
scales using simple, continuous processing lines. By contrast, several of these physical-
modification routes remain constrained by high capital cost; batch-wise processing, rather
than continuous processing; and elevated energy demand. For instance, non-thermal high-
pressure and pulsed-field technologies require specialized, application-specific equipment
and technical expertise that are not yet fully integrated into conventional starch-processing
lines, thus limiting their uptake beyond pilot- or laboratory-scale demonstration [80].
This is particularly evident for PEF, for which industrial uptake remains low primarily
because of the shortage of robust, cost-effective, continuously operating electrical sys-
tems capable of the field-strength consistency required for reliable, short-payback-period
operation [81]. Similar equipment-cost and batch-processing limitations apply to HPP and
RF treatments, as already summarized in Table 5, whereas UA and µW modifications,
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although comparatively low-cost at the laboratory scale, face their own scale-up difficul-
ties (UA) or heating-uniformity control issues (µW). These constraints contrast with the
well-established, high-throughput, comparatively low-cost manufacturing base of conven-
tional AM thermoplastics such as ABS and PLA (Table 1), whose life-cycle energy and
cost profile benefit from decades of process optimization and infrastructure investment,
even though ABS and PLA production and printing themselves carry a non-negligible
environmental footprint, driven largely by the electrical energy consumed during filament
fabrication, the printing process itself, and post-processing/testing steps [82]. Altogether,
this suggests that, at present, the energy- and capital-intensive physical modification routes
for starch are unlikely to be economically competitive with conventional thermoplastics
for commodity-scale, non-food additive manufacturing, and are more realistically posi-
tioned for high-value, lower-volume applications where the functional gains in printability,
mechanical performance, or biocompatibility can offset the additional processing cost.
Continued progress in continuous-flow reactor design, modular/scalable pulse-power
and pressure systems, and process intensification will be needed before these modification
routes can be considered for larger-scale, cost-sensitive non-food AM applications.

5.3. Biological Modification

Starch printability can also be tailored through biological approaches, encompassing
both the enzymatic modification of extracted starch and the genetic modification or selective
breeding of the starch-producing plant itself. These two routes act at different stages of
the value chain but both ultimately act on the same structural determinants of printability,
as discussed before: the amylose-to-amylopectin ratio, chain length distribution, and
granule/molecular order.

Enzymatic modification exploits the specificity of starch-active enzymes to selectively
cleave or form glycosidic bonds within the starch molecule, thereby reshaping its molecular
weight distribution and fine structure without recourse to chemical reagents [83]. Endo-
acting enzymes, such as α-amylase, cleave internal α-(1,4) glycosidic bonds within amylose
and amylopectin chains, while debranching enzymes such as isoamylase and pullulanase
specifically hydrolyze the α-(1,6) branch-point linkages of amylopectin, releasing linear,
short-chain glucans [84]. This debranching reduces the degree of branching and typically
increases the propensity of the resulting linear chains to re-associate upon cooling, produc-
ing thermoreversible gels of markedly higher gel strength than their native, fully branched
counterparts [84]. Conversely, transglucosylating enzymes can introduce new glycosidic
linkages, generating branched or cyclic structures with reduced viscosity and altered gela-
tion behavior. The degree of enzymatic treatment provides a further tuning parameter:
Park et al. demonstrated that progressively increasing the extent of enzymatic modification
of rice starch produced graded changes in molecular weight, crystallinity, and pasting
behavior, indicating that reaction time and enzyme loading can be used as a practical lever
to target a specific rheological window [85]. For 3D-printing applications, this enzymatic
tunability is particularly relevant where a native starch’s viscosity or gelation temperature
falls outside the printable window: partial debranching can be used to lower viscosity and
improve extrudability, while controlled retrogradation of the resulting short linear chains
can be exploited to enhance post-printing shape retention.

Genetic modification and selective breeding act further upstream, altering the activity
of the enzymes of the starch biosynthetic pathway itself, so as to obtain cultivars whose
native starch already possesses a molecular architecture favorable for a target application,
without requiring further post-extraction processing. Conventional selective breeding has
long been used to generate high-amylose or waxy cultivars, and more recent work has
extended this principle using targeted gene editing. Jayarathna et al. used CRISPR/Cas9 to
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stack mutations in the genes of potato, showing that combining these mutations restored
an ordered granule morphology while producing amylopectin chain-length distributions
and gelatinization temperatures distinct from both the wild-type and single-gene-edited
lines, illustrating the fine control that multi-gene editing can offer over starch molecular
architecture [86]. In a related study, the same starch synthesis gene mutations were shown
to alter the morphological, compositional, and functional properties of the resulting potato
starch sufficiently to affect its performance in film-forming applications, with selected
mutant lines retaining oxygen-barrier properties comparable to the wild-type despite
substantial differences in amylose content [87]. The relevance of this genetic route to
printability specifically was directly demonstrated by Shahbazi et al., who compared eight
starch varieties of normal and waxy genotype under extrusion-based 3D printing: normal-
type starches consistently produced well-defined, dimensionally stable printed structures,
whereas waxy starches failed to maintain their shape after printing, providing direct
evidence that genotype-driven amylose content is a first-order determinant of printing
outcome, independent of any post-extraction modification [88].

Taken together, enzymatic and genetic modification represent complementary bi-
ological levers for tailoring starch printability: the former offers rapid, post-extraction
fine-tuning of an existing starch batch, while the latter offers a means of obtaining starches
with intrinsically favorable properties “at the source”, potentially reducing the need for
downstream chemical or physical modification. Both routes act on the same underlying
structural determinants as the other additive-based strategies.

5.4. Integration of Specific Additives

In starch-based gel systems, achieving optimal 3D-printing performance typically
requires more than the native polymer alone. Functional additives are frequently employed
to modulate rheological properties and address challenges inherent to hydrogel formula-
tion, thereby enabling precise extrusion and structural fidelity during printing (Figure 4).
Most 3D-printing materials exhibit shear-thinning behavior for effective extrusion, but
natural starch gels lack sufficient shape retention, hindering the production of complex
tridimensional structures and compromising printing performance. To overcome these
limitations, additives are introduced to enhance the printability and overall quality of the
printed products. Commonly used additives include polysaccharides and/or carbohy-
drates (such as xanthan gum, cellulose, κ-carrageenan, agar, pectin, alginate, and chitosan),
proteins (including gelatin, collagen, and gluten), and inorganic salts [53,89].

Polysaccharides, a group of biologically active natural compounds with high molecular
weight, have been extensively studied for their ability to enhance/modify the gel properties
and microstructure of native starch. For example, Liu et al. proved that incorporating
xanthan gum and κ-carrageenan in starch-based formulations optimized their gelation
temperature, increased viscosity and yield stress, upgraded thixotropic properties, and
minimized the time-dependent modulus [90]. Another study investigated the influence
of various biopolymers, including guar gum, sodium carboxymethyl cellulose, and gum
arabic, on the rheological properties, microstructure, and printability of rice starch gels. The
findings revealed that incorporating these carbohydrates notably improved the printing
performance of the hydrogels by increasing the viscosity and storage modulus, while
promoting the formation of more compact structures [91]. Arabinoxylans and chitosan
have also been studied as additives in starch-based gel systems for 3D printing [92,93].

Proteins play a crucial role in shaping the structure and viscoelastic properties of gel
components. Integrating proteins is an effective approach for modifying starch. Through
non-covalent interactions, such as electrostatic forces and hydrogen bonding, proteins
interact with starch to enhance the functional attributes of hydrogels, including their
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thickening and gelation abilities [94]. It was demonstrated that incorporating pea proteins
facilitates cross-linking among starch granules, thereby enhancing the overall degree of
cross-linking in potato starch-based materials used for 3D printing [95]. Moreover, hybrid
systems containing proteins enhance gel viscoelasticity by leveraging potential hydrophobic
interactions and sulfhydryl–disulfide-bond switches [96].

In addition to the aforementioned carbohydrates and proteins, mineral salts may play
a role in the formation of printable gels. Indeed, salts such as NaF, NaCl, K2SO4, KNO3,
KSCN, and LiCl have been studied by Wang et al. on the rheological properties and strength
of gels [97]. Salting-out ions (e.g., F− and SO4

2−) strengthened the three-dimensional net-
work of potato starch gel through two distinct, complementary mechanisms rather than
by fully preventing gelatinization. During the initial heating phase, these ions protect
starch–starch hydrogen bonding within the granule, which raises the gelatinization tem-
perature and reduces swelling power and solubility. This only partially restricts granule
disruption, leaving more intact granular remnants that reinforce the paste network, much
like filler particles, while still permitting sufficient amylose leaching to form a continuous
printable gel. Separately, during subsequent cooling and storage, the same protective effect
on starch–starch hydrogen bonding also promotes a stronger retrogradation tendency, fur-
ther increasing gel strength. In contrast, salting-in ions had the opposite effects, weakening
gel structure and rheological properties [97].

 

Figure 4. Schematic illustration of the principal interaction and cross-linking mechanisms between
starch and functional additives in printable hydrogel systems. These four mechanisms differ substan-
tially in chemical nature, bond strength, and reversibility and should not be interpreted as equivalent.
Polysaccharide additives reinforce the gel network primarily through physical entanglement, further
stabilized by hydrogen bonding between hydroxyl groups. Protein additives undergo a sequential
mixing, heat/shear-induced unfolding, and cross-linking process that can involve genuine covalent
bond formation. Divalent and trivalent cations act through ionic cross-linking. Monovalent ions do
not bridge chains directly but instead modulate the existing hydrogen-bonding network.

6. Beyond Food: Emerging Non-Food Applications of 3D-Printed
Starch-Based Materials

Table 6 summarizes selected applications of starch-based materials in 3D printing.
Beyond the food sector, particularly for the design of personalized foods and edible for-
mulations, starch has also demonstrated significant potential in non-food applications,
including biomedical devices and sustainable packaging solutions.
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Table 6. Overview of non-food applications of starch-based materials in 3D printing.

Applications Starch Type Specific Applications References

Biomedical

Bio-ink Wheat starch
Bio-ink contained 5.0 w/v% gelatin–Ph and 10 U/mL horseradish peroxidase (HRP), with
16.7 w/w% starch and 10 mM H2O2 as the support material. After printing, cell viability

reached >80%, exhibiting an elongated morphology and proliferative capacity.
[98]

Tissue scaffold

Normal corn starch (the amylose
content of this starch is 27%, and its

weight-average molecular
weight (Mw) is 7.03 × 107 kDa)

Cell scaffolds were prepared by double methacrylation of common corn starch and chitosan.
The UV-cured scaffolds exhibited tunable compressive strength (150–200 kPa) and

deformability (50–60%), achieving a balance between mechanical properties and tissue safety.
[99]

Soft-tissue repair

Corn starch (high-amylose
cornstarch, practical grade, S4180)
with an average molecular mass of

692.7 g/mol and 27% amylose

A novel shear-thinning and self-healing hydrogel based on gelatin, starch, and halloysite
nanotubes (G-S-H) has been developed for 3D printing of soft tissues. This hydrogel

exhibited excellent mechanical properties, degradation rate, and biocompatibility.
[100]

Wound dressing Corn starch (Ph. Eur. grade,
amylopectin/amylose ratio 74/26)

High-starch-content thermoplastic filaments (TPS) were prepared for FDM 3D printing of
scaffolds. These scaffolds exhibited the following characteristics: ability to

absorb simulated exudate (achieving 35% hydration within 7 days).
[19]

Drug delivery
Targeted delivery Pregel corn starch (Anova)

A novel pH-sensitive delivery system based on starch and alginate/pectin matrix was
developed. Probiotics were encapsulated in a starch gel core, and the

encapsulated bacteria exhibited a high survival rate of 93.2%.
[101]

Atopic dermatitis Aldehyde-modified rice starch A 3D-printed hydrogel composed of gelatin and dialdehyde starch (DAS) has been
developed, which can encapsulate and release hydrocortisone (HC). [102]

Green packaging

Plastic wrap Rice starch (RS, moisture 9.5%, w/w;
protein ≤ 1%, and ash ≤ 1%, db)

The preparation of modified starch–ferulic acid composite materials can inhibit the growth
of microorganisms, thereby extending the shelf life of products. [103]

Intelligent labels Cassava starch

A green 3D-printing technology for smart labels has been developed, which involves
adding gallic acid (GA) to a blueberry anthocyanin (BA) solution to enhance the

color development of the pigment. The printing formulation exhibits
shear-thinning properties and a yield strength in the range of 500–600 Pa.

[104]
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6.1. Biomedical Applications

The most popular application combining starch and additive manufacturing is the
establishment of controlled release systems (Figure 5). 3D printing addresses the limitations
of conventional systems, such as low encapsulation performance, poor stability, and short
half-life [105]. Chatzitaki et al. described the engineering of starch-based soft delivery
forms of isoniazid employing pressure-assisted micro-syringe 3DP. The printed tablets
had a considerably porous microstructure that enhanced water absorption and isoniazid
diffusion in simulated gastric fluid, resulting in complete drug release within 45 min [106].
The versatile nature of starch gels and three-dimensional printers was demonstrated by
Ahmadzadeh et al. by increasing the stability of lutein, a bioactive molecule that is poorly
soluble in water, via encapsulation in gel composed of starch and ethyl cellulose, using
a 3D printer whose nozzles are in a coaxial position [107]. This 3D-printed dual-layer
system (starch/ethyl-cellulose) offers a novel technological platform for encapsulating
bioactive compounds.

 

Figure 5. Schematic overview of three core biomedical applications of starch-based 3D printing.
Drug-loaded starch hydrogels can be printed into porous structures, enabling controlled drug re-
lease. Modified starch hydrogels printed via DIW can be post-processed into wound dressings
that promote hemostasis through the release of a cross-linking agent (e.g., Ca2+) at the wound site.
Starch slurry extruded via FDM/SFF yields 3D macroporous scaffolds whose interconnected pore
architecture supports tissue regeneration and osseointegration. Together, these routes illustrate the
versatility of starch-based inks across extrusion and micro-dispensing 3D-printing modalities for
biomedical applications.

Another well-known application is wound dressing and matrix scaffolding (e.g., for
cell growth or mimicking human tissues) thanks to the high biocompatibility of starch-based
hydrogels. A green hot-extrusion method was used by Zheng et al. to create a 3D-printed
oxidized starch hydrogel infused with calcium ions. The hydrogel demonstrated strong
water absorption, enhanced gel strength, and controlled Ca2+ release, effectively promoting
hemostasis in vitro [10]. In vivo studies verified its rapid blood-clotting capability and
improved wound healing. This affordable and versatile formulation presents a promising
option for wound care, ensuring quick hemostasis and recovery. Recently, a group of
researchers developed a bio-ink based on arrowroot starch and gellan gum that can hold
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animal cells [108]. The physicochemical properties of the printed matrix were evaluated
to assess cell adhesion and growth. The results confirmed that the starch/gellan gum
system effectively supports cell attachment and proliferation, as well as high viability.
Similarly, Shyam et al. conducted a study on developing a starch and gelatin composite as
a potential biomaterial for cardiac tissue engineering. Their findings revealed that gelatin
concentration significantly influenced the rheological properties and printability of the
biomaterial. Moreover, the scaffold demonstrated excellent biological activity, supporting
cell adhesion and enhancing cell proliferation [21].

Starch has also been used as a functional excipient across other 3D-printing modali-
ties for oral dosage forms. In powder-bed-based printing, partially pregelatinized starch
has been used, together with lactose, as the primary binder for developing flexible tablet
platforms suitable for early-phase clinical trials, where both hydrophilic and hydrophobic
active pharmaceutical ingredients needed to be accommodated across a wide range of drug
loadings and tablet masses [109]. A related study further showed that the particle size dis-
tribution of the lactose–starch blend critically governs powder wettability and printing-ink
penetration and, hence, the resulting tablet hardness and dissolution behavior [110]. More
recently, Bashetty et al. demonstrated that starch alone can serve as the sole matrix former
in selective laser-sintering (SLS) 3D printing, yielding mechanically robust, amorphized
indomethacin tablets with markedly faster and more complete drug release than the crys-
talline drug, illustrating an excipient-minimal, sustainable route to SLS-printed oral dosage
forms [111]. Taken together, these studies show that starch’s binding, gelling, and ther-
mal behavior can be exploited across both extrusion-based and powder-bed 3D-printing
platforms for pharmaceutical manufacturing.

6.2. Industrial Biodegradable Applications

In the chemical industry, starch is increasingly explored as a functional component
and non-biomedical composite filaments for FDM, directly addressing the chemical and
material industry’s search for bio-based alternatives to petroleum-derived thermoplastics.
Haryńska et al. developed a fully bio-based FDM filament combining PLA with potato-
derived thermoplastic starch (TPS), demonstrating remarkable printability, enhanced hy-
drolytic degradability, and substantially greater compostability compared to conventional
PLA filament [112]. Building on similar TPS/PLA blending strategies, Ju et al. incorporated
poly(butylene adipate-co-terephthalate) (PBAT) and an epoxide-based chain extender into
a TPS/PLA/PBAT ternary filament, achieving a 113% increase in elongation at break and
a 190% increase in impact strength relative to the unmodified blend, while retaining full
biodegradability [113]. Beyond PLA-based systems, Esper et al. showed that blending
starch with polyhydroxybutyrate (PHB) markedly improved the flexibility and homogene-
ity of FDM filaments, mitigating the intrinsic brittleness and poor processability of pure
PHB [114]. Collectively, these studies demonstrate that starch can serve as a versatile,
low-cost bio-based modifier across multiple thermoplastic matrices (PLA, PBAT, and PHB)
for chemical industry applications like FDM filament production.

6.3. Emerging Non-Food Applications (Electronic Devices, Intelligent Materials, and
Responsive Materials)

Significant advancements have recently been achieved in developing hydrogels with
enhanced mechanical strength and flexibility. Additionally, new functionalities, such as
electrical conductivity and multi-stimuli responsiveness, have been incorporated into
hydrogel designs. These improvements have broadened the scope of functional hydrogels,
enabling their use in diverse fields, including bioelectronics, intelligent materials, and
sensor technology (Figure 6) [115].
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One of the emerging applications in the use of 3D printers and starch is the develop-
ment of electronic devices. Bacalzo et al. developed a starch-based aqueous gold nanopar-
ticle (AuNP) formulation for inkjet printing. This formulation enables the formation of
conductive films at low temperatures (<200 ◦C) with a low resistance [23]. The synthesis pro-
cess involved heating a starch solution in NaOH to induce hydrolysis, which subsequently
activated the reduction of Au3+ to Au0. Some hydrolyzed starch molecules acted as stabi-
lizers, regulating nanoparticle growth. This eco-friendly, water-based formulation offers a
versatile solution for printing conductive patterns on various substrates. Another hydrogel
tailored for printed electronic technology was developed by Willfahrt et al. They developed
a novel hydrogel by modifying corn starch with citric acid through melt-blending [116].
The optimal formulation, containing 10% citric acid by weight, exhibited an ionic con-
ductivity of 2.30 ± 0.07 mS.cm−1, along with suitable rheological properties, making it
well suited for supercapacitor printing. Similarly, fully bio-based hydrogels with excellent
printability, high toughness, and self-healing capabilities were developed using starch
and natural rubber latex through a straightforward heating process, during which an in
situ silver mirror reaction resulted in the formation of conductive hydrogel suitable for
durable wearable sensors [115]. Starch-based inks have also been directly 3D-printed into
functional devices for bioelectricity generation and bioelectronics. Wang et al. developed
a 3D-printed bioelectrode for a starch-fed microbial fuel cell (MFC), in which a synthetic
microbial consortium was directly embedded in a conductive bioink and extruded through
a 3D printer into a microporous bioelectrode; the resulting 3D-printed starch MFC showed
markedly lower charge-transfer resistance and higher power output than conventionally
assembled electrodes, directly converting starch into bioelectricity [117].

 

Figure 6. Schematic overview of four emerging non-food application domains for 3D-printed
starch-based materials. Modified starch combined with metal nanoparticles can be inkjet-printed
into conductive film patterns for photovoltaic devices. Starch substrates printed with a bacterial-
consortium bio-ink form bioelectrodes for microbial fuel cells, generating bioelectricity (adapted
from [117]). Starch hydrogels printed via DIW and loaded with stimulus-responsive pigments yield
colorimetric films that change color in response to stimuli. Finally, 3D-printed starch hydrogels
loaded with nanoparticles can be fabricated into flexible sensors capable of generating a current
response under mechanical flexion.
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In parallel with the development of electronic devices and artificial intelligence, so-
called intelligent or smart packaging is gaining popularity and interest [118]. As an example,
a 3D-printed smart colorimetric film with high sensitivity was developed by embedding
anthocyanin and phycocyanin as a color indicator and using chondroitin sulfate as both co-
pigment and carrier within a potato matrix to visualize food freshness [22]. The printed film
accurately detected food freshness by simulating nitrogen compound release with ammonia
and was paired with a smartphone app for digital monitoring of color changes through
RGB value analysis. Su et al. designed a hydrogel based on starch and alginate that is
capable of, in addition to being conductive, remolding itself to complex external conditions
thanks to physical interactions between the polymers and Ca2+ ions present [119]. Due
to the properties of this hydrogel, they have engineered a sensor adapted for monitoring
different movements and vibrations of vocal cords. However, hydrogel can freeze when
temperatures drop below 0 ◦C. To counter this problem, a group of researchers have
developed a new type of hydrogel that is 3D-printable and has anti-freeze properties, while
also retaining its mechanical properties. Yang et al. synthesized that hydrogel via gelation
after gelatinization of starch in 3M CaCl2 solution at subzero temperatures [58].

7. Future Perspectives
The rapid evolution of starch-based hydrogels is fueled by their unique properties and

diverse applications, as advances in synthesis increasingly combine physical or chemical
modifications with cross-linking strategies to enhance their functionality. Research has
delved into smart or tunable hydrogels and those designed for 3D encapsulation. Ongoing
studies and further exploration are crucial for the continued advancement of hydrogel tech-
nology, especially since there is a strong correlation between the design and the compounds
used and their final characteristics. For the future, the development of a new hydrogel with
a focus on rheological properties is needed to match with 3D-printing technology [120].

Starch-based hydrogels have shown great potential for application in 3D-printing
food manufacturing and biomedical engineering due to their excellent biocompatibility,
biodegradability, and cost-effectiveness. Although existing physical and chemical modifica-
tion and cross-linking strategies have significantly improved the mechanical strength and
molding accuracy of starch-based materials, further exploration is needed in the following
key areas to achieve their widespread application in complex environments.

7.1. Rheology-Based Formulation Design and Precision Printing

The preparation of starch-based formulations lacks systematic research on the quan-
titative relationship between the material’s microstructure and printing behavior. There
is a close correlation between the design and modification of starch hydrogels and their
final properties. Therefore, future research needs to develop formulations that can precisely
match the extrudability, shear-thinning behavior, and shape fidelity of materials in 3D print-
ing technology. Precise design can be achieved by establishing predictive models between
rheological parameters (such as storage modulus and yield stress) and printing-process
parameters (such as nozzle diameter and extrusion pressure).

Starch set aside, concrete examples from other bio-based additive manufacturing
polymers illustrate how digital and predictive processing–parameter optimization can be
used to maximize structural integrity, offering a template that could be transposed to starch-
based formulations. Rilling et al. combined topological optimization with a tailored infill
density fraction to predict and maximize the ultimate strength and Young’s modulus of
additively manufactured porous PLA parts, demonstrating that a computationally guided,
density-graded infill design can substantially increase load-carrying capacity without a
proportional increase in material use [121]. A directly analogous data-driven strategy
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has recently been demonstrated for hydrogel DIW, the printing modality most relevant to
starch-based inks discussed throughout this review. Jeong et al. built a rheology-printability
database of 150 3D-printed hydrogels, incorporating nonlinear viscoelastic descriptors,
such as large-amplitude oscillatory shear measurements, and trained a machine-learning
model that predicts printability from rheological inputs with a reported error margin
under 10%, thereby reducing the trial-and-error burden traditionally associated with DIW
ink formulation [122]. With these two examples, at the level of solid thermoplastics (PLA)
and of hydrogel inks (DIW), respectively, we can see how coupling rheological/mechanical
databases with predictive or topology-optimization algorithms can move formulation
design from empirical trial-and-error toward a quantitatively guided process. We argue
that a similar predictive, data-driven framework linking starch-formulation variables
(amylose/amylopectin ratio, solid content, and degree of pre-gelatinization) and rheological
descriptors (storage modulus and yield stress) to printing outcomes (shape fidelity and
mechanical strength) represents a promising and currently underexploited direction for
starch-based additive manufacturing.

7.2. In-Depth Development of Intelligent and 4D-Printing Functions

Currently, single-structure molding is insufficient to meet the needs of personalized
applications. Future research will focus on the development of “smart” hydrogels, which
involve introducing responsive groups or nanofillers to endow starch-based scaffolds with
dynamic responsiveness to environmental stimuli such as pH, temperature, enzymes, or
light. This property can be used not only to construct 4D-printed scaffolds with shape-
memory effects but also to develop smart sensor tags that can monitor food freshness or
wound-healing status. Furthermore, for 3D encapsulation applications, how to achieve
targeted and sustained release of cells/active factors at specific physiological sites (such
as the intestines or wounds) while maintaining high cell/active factor viability through
material design remains a critical challenge.

In addition to introducing stimulus-responsive chemistries, the geometry of the
printed structure itself is increasingly recognized as a design variable that governs mechan-
ical performance, deformation behavior, and energy absorption, and is therefore directly
relevant to the development of multi-functional, next-generation starch-based constructs.
Tuninetti et al. provide a comprehensive review of biomimetic lattice structures, showing
how bio-inspired unit-cell topologies can be systematically designed and manufactured
to achieve tailored combinations of high stress resistance, controlled deformation, and
energy-absorption capacity, well beyond what single, non-optimized bulk geometries can
offer [123]. Although this review focuses primarily on metallic and polymeric lattice struc-
tures produced by conventional additive manufacturing routes, the underlying design
principle, namely that structural geometry can be engineered in parallel with material
chemistry to achieve multi-functional performance, is directly transferable to starch-based
smart hydrogels and 4D-printable scaffolds. Coupling stimulus-responsive starch formula-
tions with biomimetic, load-optimized, or deformation-optimized lattice geometries could,
in principle, allow future starch-based constructs to combine environmental responsiveness
with tailored mechanical and energy-absorption behavior, an avenue that remains, to our
knowledge, unexplored for starch-based materials and represents a promising direction for
future multi-functional, bio-inspired 4D-printing research.

7.3. Multi-Component Synergistic Systems and Clinical/Industrial Translation

The limitations of natural starch in terms of mechanical properties and bioactivity
restrict its application in hard tissue repair or large-scale industrial production. Future
research should focus on exploring the properties of nanocomposite formulations made
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from starch and synthetic polymers using multi-component interpenetrating networks
(IPNs). Simultaneously, to promote the translation of laboratory results into practical
applications, a standardized post-printing evaluation system must be established.

8. Conclusions
Starch has emerged as a highly promising bio-based material for extrusion-based

additive manufacturing, owing to its abundance, biodegradability, biocompatibility, and
tunable physicochemical properties. Its intrinsic ability to undergo gelatinization, ret-
rogradation, and shear-thinning behavior enables the formation of viscoelastic hydrogels
compatible with direct ink-writing technologies. However, successful implementation
of starch in 3D printing requires precise control over formulation parameters, including
amylose-to-amylopectin ratio; solid content; degree of pre-gelatinization; and rheological
properties, such as storage modulus, yield stress, and viscosity.

Beyond native starch, chemical, physical, and biological modification strategies have
demonstrated significant potential for tailoring microstructure, mechanical strength, and
print fidelity. The integration of polysaccharides, proteins, and mineral salts further ex-
pands the functional design, enabling improved extrudability, structural stability, and
performance for specific application. Importantly, these advances position starch-based
3D-printed materials as a versatile platform for non-food additive manufacturing, with
growing relevance in controlled drug delivery, tissue engineering scaffolds, pharmaceutical
formulations, chemical-industry applications, and conductive or bioelectronic hydrogels.

Despite these advances, key challenges remain, particularly in establishing predictive
structure–property–process relationships, enhancing mechanical robustness in demanding
environments, and achieving reliable scale-up for industrial translation. Future research
should therefore prioritize rheology-guided formulation design, development of multi-
responsive and 4D-printable systems, and standardized protocols.

Overall, starch-based hydrogels represent a sustainable and adaptable platform for
next-generation additive manufacturing, with strong potential to contribute to circular
material strategies and advanced functional applications.
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