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Abstract

Direct-ink writing (DIW) has rapidly become a versatile 3D fabrication
method due to its ability to deposit a wide range of complex fluids into
customizable 3D geometries. This review highlights key fundamental fluid
mechanics and soft matter challenges across the different stages of the
DIW printing process. The rheology of fluids and suspensions governs the
flow behavior through narrow nozzles, posing questions about extrudability,
confined flow dynamics, and clogging mechanisms. Downstream, the for-
mation and deposition of extruded filaments involve extensional flows and
potential instabilities, while postdeposition dynamics introduces complexi-
ties related to yield stress and structural stability. These stages are inherently
interdependent, as optimizing material composition without considering fil-
ament stability risks compromising the final structure. As DIW applications
expand through advanced ink formulations, developing fundamental fluid
mechanics frameworks is essential to replace trial-and-error approaches with
predictive design methodologies to enable more precise control over and
reliability of the printing process.
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Filament: a single line
of deposited material;
also called a road in
fused filament
fabrication to
distinguish the printed
line from the feedstock
filament

Material extrusion:
the ISO/ASTM 52900
standard term and
acronym for AM
processes that
selectively deposit
material through a
nozzle or orifice

Direct-ink writing
(DIW): sometimes
referred to as
robocasting, paste
extrusion modeling, or
solvent-cast AM

Robocasting:
a portmanteau of
“robotic slip casting”;
usually connotes
material extrusion of a
ceramic or metal
particle suspension

Viscoelastic fluid:
a fluid that exhibits
both elastic and
viscous properties

1. INTRODUCTION

1.1. Direct-Ink Writing: Principle and Challenges

Additive manufacturing (AM) enables the fabrication of objects with unprecedented design
freedom while simultaneously reducing material waste (Gibson et al. 2021). Unlike traditional
subtractive methods, AM builds parts layer by layer from a material library spanning thermoplas-
tic filaments, complex fluids, powders, and solid metal feedstocks. Industries such as aerospace,
bioengineering, and construction have adopted AM processes to produce lightweight, intricate,
and robust structures and rapidly prototype components (Murphy & Atala 2014, Buswell et al.
2018, Najmon et al. 2019).

Material extrusion has emerged as one of the most versatile of the AM processes owing to
the capacity to process high-viscosity fluids and create near-net-shape components (Frazier 2014,
Ngo et al. 2018). In this review, we focus on direct-ink writing (DIW), also known as robocast-
ing, which is an extrusion-based process that operates at or near room temperature, dispensing
complex fluids through a nozzle without relying on melting (Cesarano 1998). DIW inks solidify
via alternative mechanisms such as cross-linking, gelation, and solvent evaporation (Lewis 2006,
Wilt et al. 2021). This approach enables the use of a wide range of complex fluids as feedstocks
ranging from thermoset polymers and biomaterials to ceramic- or metal-particle-laden slurries
(Saadi et al. 2022). Alongside relevance in material science, DIW has broad utilization in concrete
3D printing (Bos et al. 2016), forming cellular materials (Tian & Zhou 2020), and biofabrication
(Groll et al. 2016),where tissue engineering applications are steadily advancing (Malda et al. 2013).
Figure 1 provides some DIW examples that highlight the wide range of materials, shapes, and
scales possible with this technique.

This process, in combination with the complex fluids involved, introduces fluid mechanics
and soft matter challenges that span multiple length scales and timescales at different stages of the
process. The typical flow rates and nozzle diameters in DIW are usually larger than those in inkjet
printing (Derby 2010, Lohse 2022), but the influence of the rheology of the fluid on the overall
process can be just as pronounced and govern the printability of a given material (Larson 1999,
Lewis 2006, Rau et al. 2023). The complex fluids used in DIW are typically shear-thinning, yield-
stress, viscoelastic fluids or suspensions, whose rheological properties must be tuned so that they
flow readily under high shear in the nozzle yet rapidly recover a solid-like state upon deposition
to resist spreading or sagging. This inherent complexity introduces fluid mechanics challenges in
optimizing both the print quality and the process throughput.

1.2. Overview of the Direct-Ink-Writing Process

Figure 2 shows a simplified overview of the key DIW process stages. Although interdepen-
dent, they can be broadly separated into four main steps, each presenting distinct fluid mechanics
challenges. These complex phenomena are often characterized using a set of dimensionless pa-
rameters that compare the relative importance of various physical effects (see the sidebar titled
Dimensionless Parameters).

1.2.1. Fluid extrusion and flow in the nozzle. Extrusion of the ink is usually achieved via
volumetric pumps, leadscrew-driven plungers, or air pressure. In practice, many DIW researchers
prefer air pressure to drive the flow, as this is clean, cheap, and fast. However, this approach lacks
precise control over the flow rate, which is often tuned during the printing process by manually
adjusting the air pressure. Flow rate in air-pressure-driven DIW is sensitive to changes in back
pressure that can arise due to variations inmaterial viscosity, nozzle geometry, or even layer height,
and the system is susceptible to clogging. On the other hand, volumetric pumps offer precise
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Figure 1

Representative examples of both materials and applications that highlight the breadth of direct-ink writing (DIW). The DIW process
supports printing from a variety of feedstocks spanning biological materials (e.g., cells, tissue constructs), soft materials (e.g., polymers),
polymer-derived ceramics, and architecture- or construction-relevant materials (e.g., concrete). This expansive material library supports
an equally broad range of applications, including sensors/medicine, robots, food, tooling and molds, and aerospace components. Photos
reproduced from (top, left to right) Skylar-Scott et al. (2019) (CC BY-NC 4.0, with permission), Zhang et al. (2022) (CC BY 4.0),
Compton et al. (2025), and ICON Technology, Inc. (with permission, photo credit: Regan Morton); (bottom, left to right) Wu et al.
(2024) (CC BY 4.0), Zhu et al. (2023) (with permission; copyright 2023 American Chemical Society), Blutinger et al. (2023)
(CC BY 4.0), Romberg et al. (2022b) (with permission), and Bouslog et al. (2021) (public domain, NASA).

Sagging
(yield stress and G' vs. weight)

Air pressure or
mechanical pumping

Translation rate
(print speed)

Convergent flow 
(clogging and
particle alignment)

Buckling
(G' vs. weight)

Slumping
(yield stress vs. weight)

Gravity
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(surface energy
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Recovering
ink

Printed object
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Print bed

a   DIW printing process c   Printed objectb   Deposition

Figure 2

Schematic of the direct-ink-writing (DIW) process and key phenomena influencing success or failure. (a) General schematic illustrating
the overall process components. (b) The deposition process includes regions of convergent flow where the shear rate increases.
Convergent flow is effective at aligning particles, if present in the ink, but constrictions are also problematic areas for clogging in highly
loaded inks. The balance of surface tension to yield stress and recovery time of the ink will dictate stability and wetting of the
underlying layers. (c) In the final printed structure, the yield stress and storage modulus of the ink must counteract the effects of gravity
to prevent slumping of lower layers, buckling of tall slender objects, and sagging of spanning features to maintain the printed shape
prior to and during curing, drying, or solidification.
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DIMENSIONLESS PARAMETERS

Various dimensionless numbers help characterize DIW processes. Although extrusion flows in DIW tend to involve
highly viscous fluids at low or moderate speeds, the Reynolds number Re = ρUD/η, which compares inertial and
viscous effects, remains useful as high-speed extrusion can introduce instabilities.

Inks exhibit complex rheological properties such as shear thinning and yield stress, leading to the Bingham
number Bn= τYD/ηU, which compares the yield stress τY to the viscous stress ηU/D. For low Bn, the fluid behaves
like a liquid, whereas at high Bn, the yield stress dominates and a pressure must first overcome τY before any
flow occurs. The viscoelastic properties are characterized by the Deborah number De = λ/τ and the Weissenberg
numberWi = γ̇ λ, where λ is the viscoelastic relaxation time, τ the characteristic time of the external process, and
γ̇ the shear rate. Particles are commonly added to the fluid to bring additional properties to the final materials, and
an important parameter to predict clogging is the ratio of the nozzle diameter to particle size: α = D/dp. When α

is too small, clogging is common.
Once the ink is extruded from the nozzle, it transitions from confined to free-surface flow, resulting in a complex

interplay of viscous, inertial, capillary, and gravitational forces.TheWeber number,We= ρU2D/γ characterizes the
ratio of inertial to capillary forces and thus whether the ligament necks and pinches off.We is often small in DIW,
leading to stable continuous ligaments, but it can become significant at high extrusion rates. The capillary number
Ca = ηU/γ compares the viscous stress with the surface tension effects. A combination of the Weber number and
Reynolds number defines the Ohnesorge number Oh = We1/2/Re, frequently used for jetting processes.

The Bond number Bo = ρgL2/γ represents the ratio of gravitational to capillary forces, where L is the length
scale of the filament or printed structure.Bo is relevant for larger nozzle diameters or tall structures. For yield-stress
fluids, excessive spreading can be mitigated by tuning the yield stress, τY, to overcome capillary and gravitational
forces, which can be captured through a printability number4 = τY/(γ /D+ ρgL).4 > 1 favors self-support against
both capillary retraction and gravity. For low Bond numbers, i.e., the capillary-dominated regime, 4 reduces to a
plastocapillary number J = τYL/γ , commonly used to set the minimum yield stress for vertical build fidelity.

As the deposited filament recovers, dries, or changes temperature, additional physical phenomena come into
play, leading to more dimensionless numbers. For instance, the Péclet number Pe quantifies the relative importance
of advective to diffusive transport, the Schmidt number Sc compares the ratio of momentum diffusivity ν to mass
diffusivity Ddiff, and the Nusselt and Biot numbers compare heat conduction to convection at an interface. When
temperature gradients affect viscosity or curing rates, the Prandtl number, Pr = ν/κ , describes their ratio. If chem-
ical reaction rates such as cross-linking or curing occur, the Damköhler number compares their rate to the mass
transport rate.

control over the flow rate, but they are expensive, slow to load, and laborious to clean out. They
offer more robust DIW printing but are not impervious to clogging and can damage delicate inks
like cell-laden bio-inks or foams (Pack et al. 2020). In both cases, the flow of the complex fluids
within the nozzle is a critical stage governed by the ink’s rheology, the design of the nozzle, and
potential clogging when particles are present.

1.2.2. Filament formation and initial deposition on the substrate. Upon exiting the nozzle,
the fluid transitions from a confined to a free-surface flow, forming a filament (see the sidebar
titled Embedded Direct-Ink Writing for the embedded-printing variant). The geometry depends
on the interplay between driving pressure, flow rate, distance from the substrate, and rheological
parameters.Unsteady extrusion, or the relative velocity between the nozzle and the substrate,may
cause diameter fluctuations, unintended breakups, or coiling of the filament on the substrate.

1.2.3. Short-time evolution of the filament on the substrate. Once the fluid contacts the
substrate, its spreading, leveling, and interlayer bonding become important issues. Low-viscosity
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Printability map:
correlates material
properties and process
parameters with
successful printing
outcomes

EMBEDDED DIRECT-INK WRITING

For the DIW process discussed in this review, the ink filament is deposited layer by layer in air onto a substrate.
By contrast, embedded DIW deposits material into a supporting fluid, rather than in air, which provides uniform,
omnidirectional support (Wu et al. 2022). This approach facilitates the deposition of low-viscosity fluids that would
otherwise slump or drip in air. Selection of a support fluid can be based upon desirable yield-stress properties or for
neutral buoyancy in order to tailor fluid–fluid interfacial effects and mechanical support. For example, embedded
DIW has been widely adopted in biofabrication to print hydrogels or cell-laden inks (Hinton et al. 2015), enabling
the production of complex tissue scaffolds that mimic soft biological structures or facilitating the manufacturing of
sensors (Muth et al. 2014).

The difference in support (fluid versus air) results in some effects discussed in this review becoming negligible,
while other effects remain relevant. For example, large-scale flow instabilities, such as sagging or buckling, become
negligible relative to open-air DIW, as the supporting fluid confines the extruded ligament. Challenges such as
clogging with suspensions or nozzle flow instabilities, such as die swell or erratic pulsations, when utilizing vis-
coelastic inks or high flow rates, can affect both embedded and open-air DIW printing. The use of a supporting
fluid also introduces new fluid mechanics challenges for embedded DIW. For instance, a bath made of a yield-stress
fluid undergoes localized yielding around the moving nozzle. It must briefly flow as the nozzle passes, then rapidly
resolidify to entrap the newly deposited filament (Grosskopf et al. 2018). Another particularity is that fluid–fluid in-
terfacial dynamics govern whether the printed filament remains stable or breaks into droplets (Friedrich & Seppala
2021). The bath rheology and self-healing also play an important role in stabilizing small features, thereby impact-
ing achievable resolution and part fidelity. Embedded DIW also enables the simulation of microgravity conditions
on Earth, offering a platform to study AM in near-zero-gravity environments (Kauzya et al. 2024).

fluids may spread or drip excessively, undermining shape fidelity, while highly viscous or yield-
stress inks can maintain shape but risk incomplete wetting or poor interlayer adhesion.

1.2.4. Postdeposition solidification or curing. The deposited material solidifies via solvent
evaporation, cross-linking, thermal cooling, or other mechanisms (Nelson et al. 2019). The speed
and extent of solidification directly affect the mechanical properties and interlayer adhesion.

1.3. A Fluid Mechanics and Soft Matter Perspective

DIW relies on the precise manipulation of complex fluids, and the process spans fundamental fluid
mechanics concepts, such as nozzle flow, clogging, ligament formation, deposition, and slumping,
along with interfacial dynamics and soft matter physics concepts, such as extensional instabilities
and viscous coiling. Unlike conventional Newtonian liquids, DIW inks often consist of a dis-
persed phase (e.g., particles, fibers, biological cells) in a non-Newtonian carrier fluid.Much of the
progress in DIW has been empirically driven by application-specific needs (Ngo et al. 2018) in ar-
eas such as 3D food printing (Lee et al. 2024), construction (Paolini et al. 2019,Mechtcherine et al.
2020, Schild et al. 2024), metallic and ceramic part production (Rane & Strano 2019), medicine
(Culmone et al. 2019, Tay et al. 2023, Hou et al. 2024, Ho et al. 2025, Zhao et al. 2025), and
bio-ink printability (Schwab et al. 2020). Printability maps correlate some rheological or process
parameters with successful printing, yet the interplay of these factors, particularly with particulate
suspensions, raises many fundamental fluid mechanics questions (Pandya et al. 2023, De Smedt
et al. 2025). For instance, complex phenomena such as clogging, dispersion stability, and capillary
effects on the substrate have a critical impact on filament formation and interlayer bonding.
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Figure 3

Illustration and schematics of the rheological requirements at different steps of the direct-ink-writing process: (a) shear-thinning
behavior during extrusion, (b) thixotropy once deposited on the substrate, and (c) yield stress to avoid slumping. À refers to the ink
inside the syringe before extrusion (low shear), Á corresponds to the high shear observed during extrusion through the nozzle, and
Â refers to the postdeposition situation (low shear), where the ink recovers its structure. In the top panel of c, the image shows the end
view of a flexural bar printed using a low-yield-stress ink, showing slumping and coalescence of the lower layers. Panel c, top adapted
from Compton et al. (2018).

Extracting and systematically translating core fluidmechanics phenomena into predictivemod-
els is crucial for minimizing trial and error during the various stages of the process and enabling
predictive design strategies for next-generation DIW applications. Engineers typically adjust ink
rheology, flow parameters, nozzle diameter, and printing velocity until parts of acceptable quality
are produced (Ngo et al. 2018). While numerous reviews address DIW from application-specific
perspectives, they typically emphasize process engineering over the underlying physics and fluid
mechanics phenomena governing the printing process (e.g., Zocca et al. 2015, Placone & Engler
2018, Tagliaferri et al. 2021, Tay et al. 2023, Hou et al. 2024, Ho et al. 2025, Zhao et al. 2025).
These limitations become even more evident in multiphase systems as, for instance, a suspension
displaying fluid-like behavior in bulk rheometry may undergo abrupt clogging near the nozzle tip
when particles bridge.

This empirical approach lacks predictive power for critical failures like nozzle clogging, fila-
ment fracture, and structural collapse. The goal of this review is to discuss DIW challenges across
diverse material systems and scales through the lens of fluid mechanics, aiming to support estab-
lishing a theoretical foundation that can guide material selection, nozzle geometry optimization,
and process parameter determination. Beyond practical applications, the inherent complexity of
DIW can also inspire various fundamental fluid mechanics problems involving complex fluids.

2. RHEOLOGICAL CONSIDERATIONS AND PRINTABILITY

2.1. Rheological Design Principles

In DIW, a complex fluid must flow through the nozzle under pressure like a viscous fluid and must
be stable under elongation as a filament, yet it must also hold its shape like an elastic solid once
deposited. Figure 3 illustrates schematically key rheological requirements at different successive
stages of the DIW process: low shear inside the syringe before extrusion, high-shear environment
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Yield-stress fluid:
a material that resists
deformation like a
solid until the applied
shear stress exceeds a
specific threshold;
beyond the critical
yield stress, it flows

Shear-thinning fluid:
the shear viscosity of
the fluid decreases as
the imposed shear rate
or shear stress is
increased

when flowing through the nozzle, and the postdeposition stage at low shear, during which the
ink must rapidly recover its structure to retain its shape. Satisfying this multifaceted rheological
profile presents significant challenges, particularly when incorporating solid particles. As a result,
a central challenge in DIW lies in designing complex fluids, or inks, that satisfy these multiple
rheological and mechanical criteria throughout the printing process. The dual requirements of
extrudability and shape retention collectively define the printability of a material (Agrawal &
García-Tuñón 2024).Unlike other classical flow processes that may optimize rheology for a single
flow regime, DIW requires simultaneous control over shear-thinning, viscoelasticity, yield stress,
and thixotropy across rapidly changing timescales (Lewis 2006). While comprehensive reviews
have specifically addressed DIW fluid rheology (e.g., Rau et al. 2023, Wei et al. 2023, De Smedt
et al. 2025) and guidelines exist for designing complex fluids (Ewoldt & Saengow 2022), we focus
here on summarizing the key rheological aspects and the corresponding parameters that are used
in the following sections of the review.

2.1.1. Yield stress and shape retention. A finite yield stress τY is crucial for self-supporting
prints. Yield-stress fluids, such as colloidal gels and cementitious materials, flow only when the
stress exceeds a critical threshold τY; otherwise, they behave as an elastic solid (Coussot 2005,
Balmforth et al. 2014, Dinkgreve et al. 2016, Bonn et al. 2017). For successful extrusion, τY must
be low enough to permit flow under practical pressures but large enough to overcome both grav-
itational forces and surface tension effects that would otherwise deform the printed structure
(Pashias et al. 1996). Common DIW inks typically exhibit τY values ranging from 101 to 103 Pa,
which are sufficient to support millimeter-sized features. However, excessive yield stress presents
other challenges: Inks that are too solid-like may resist extrusion at operational pressures or fail to
merge properly with previously deposited layers. The printability index, discussed later, can offer
guidance for formulating inks with optimal τY values.

2.1.2. Shear-thinning behavior. Most DIW inks are formulated to be shear-thinning fluids,
where viscosity decreases with an increasing shear rate. This rheological behavior is important,
as the ink is very viscous or paste-like under low or zero shear (e.g., in the syringe and after
deposition). As the ink flows through the nozzle, it experiences a high shear rate (γ̇ ∼ 102–103 Pa),
which leads to a reduction in viscosity, thereby enabling extrusion without requiring excessive
pressure. Upon deposition, the viscosity rapidly rises as the shear rate decreases (i.e., at low γ̇ )
and stabilizes the filament geometry. In contrast, a purely Newtonian ink with constant viscosity
would be either too viscous for practical extrusion or too fluid to maintain structural integrity
once deposited. The shear-thinning behavior typically originates from jammed microstructures
that yield and break down under applied shear (Nelson & Ewoldt 2017).

A classical rheological model used for DIW inks is the Herschel–Bulkley model,

τ = τY + K γ̇ n, 1.

where τ is the shear stress, γ̇ is the shear rate,K is a consistency coefficient, and n is the flow index
(0 < n < 1 for shear-thinning fluids) (Balmforth et al. 2014). Many DIW inks exhibit Herschel–
Bulkley behavior with notably small n values, indicating high shear-thinning properties. While
alternative constitutive models exist, including Bingham plastic, Casson fluid, or Carreau models,
theHerschel–Bulkleymodel remains a convenient and widely adopted approach inDIW research.

2.1.3. Thixotropy and recovery. Beyond shear-dependent viscosity and yield stress, DIW inks
typically exhibit thixotropic behavior in which the microstructure, and thus viscosity, rebuilds over
time. In oscillatory rheology, the storagemodulusG′ quantifies the elastic, energy-storing response
of the fluid, while the loss modulus G′′ quantifies the viscous, energy-dissipating response. These
complementary moduli are useful indicators of how quickly an ink recovers its solid-like structure
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Thixotropy:
time-dependent
property in which the
viscosity of the fluid
decreases when
subjected to shear
stress and then
gradually recovers
when the stress is
removed

after extrusion. For DIW applications, a thixotropic ink that recovers quickly after shear is highly
desirable. During printing, the ink undergoes high shear within the nozzle, breaking down the
internal structure. Upon deposition, rapid recovery of solid-like properties helps maintain the
printed form. A standard experimental approach to probe this behavior is measuring G′ (or the
viscosity) through a three-stage protocol: (a) initial low-shear characterization, (b) application of
a high-shear condition that simulates extrusion, and (c) return to low shear to track the G′ (or the
viscosity) recovery kinetics. Printable inks generally recover a large fraction of their original G′,
relative to G′′, within a short time. In practice, a good printability requires a balanced thixotropy,
since the ink must rebuild its internal structure quickly enough after extrusion to maintain the
shape of the filament, yet not so quickly that it clogs the nozzle or compromises interlayer adhesion
(Rau et al. 2023).

2.1.4. Viscoelasticity and extensional rheology. Viscoelastic inks introduce time-dependent
behavior throughmolecular entanglements or transient networks.A highDeborah numberDe can
stabilize filaments via elastic recoil but also induce die swell, distorting printed features (Ouyang
et al. 2020). For instance, PDMS (polydimethylsiloxane) inks with a relaxation time of λ ∼ 1 s
exhibit controllable swell at high extrusion speeds (τ ∼ 0.1 s, where τ is the process timescale),
while slower rates (τ ∼ 10 s) minimize elastic effects.

In addition to shear-dominated flows, the fluid may also experience strong extensional defor-
mation within and upon exiting the nozzle. As a result, the extensional viscosity, defined as the
tensile stress divided by the extensional strain rate, plays a critical role in DIW during the forma-
tion of the filament and for its stability (Münstedt 2018,Nelson et al. 2018). Sufficient extensional
resistance helps filaments span small gaps or maintain cohesion, yet if it is too large, extruded
filaments may fail to detach cleanly. Although quantifying extensional properties is challenging
(Tirtaatmadja & Sridhar 1993), these effects significantly influence print fidelity.

2.1.5. Particle-laden inks: rheology of particulate suspensions. DIW inks often contain dis-
persed solid particles to achieve desirable mechanical and flow properties. Highly loaded particle
suspensions (ϕ > 0.4) present unique rheological challenges in DIWprinting (Marnot et al. 2023).
As the volume fraction ϕ approaches the jamming threshold ϕmax, viscosity increases rapidly.

The sharp divergence of the viscosity necessitates precise pressure control during printing.
Particle size distribution also plays a role, as bimodal distributions can increase ϕmax and decrease
viscosity for a volume fraction (Pednekar et al. 2018,Delarue et al. 2024). In general, as the volume
fraction increases, one needs to consider the rheology of these complex suspensions, particularly
as particle–particle interactions become more important. We point the reader to different review
articles on the rheology of suspensions, such as those by Stickel &Powell (2005),Mewis&Wagner
(2011), and Guazzelli & Pouliquen (2018), among others, which provide additional details beyond
the scope of this review. We should emphasize that many fundamental questions on suspension
flows remain poorly studied or unexplored, including the rheology of suspensions made of poly-
disperse or of nonspherical particles, the behavior of suspensions at interfaces, their extensional
rheology, and suspensions whose particles are dispersed in non-Newtonian interstitial fluids.

2.2. Printability Map

Because DIW involves multiple parameters (material rheology, nozzle size, pressure, speed, etc.),
printability maps are often useful to visualize the operating window in which printing is successful
(Chan et al. 2020, García-Tuñón et al. 2023, Saengow et al. 2025). In a printability map, relevant
material properties or process parameters are plotted against each other, and different regions are
marked to indicate whether the outcome is a successful print or a failure mode. Usually, these
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maps are created by systematically varying the rheological properties of the fluid and the printing
conditions and empirically observing the outcome. This empirical approach illustrates the need
for more predictive tools in DIW.

Some studies have, nevertheless, introduced dimensionless groups to predict regions of a print-
ability map. For instance,M’barki et al. (2017) have shown that the role of τY on the final stability
can be described through a dimensionless printability number,

4 ≡ τY

γD−1 + ρgh
, 2.

whereD is the nozzle diameter, γ is the surface tension, and ρgh is the weight of the object. Stable
printing requires fulfillment of the condition 4 > 1, which corresponds to the situation where the
yield stress overcomes both gravitational stress and capillary pressure to prevent deformation.

3. FLOW AND CLOGGING IN THE NOZZLE

3.1. Flow of Complex Fluids in Nozzles

In DIW, the viscous fluid is forced through a nozzle, often at low Reynolds numbers, so that iner-
tia is usually negligible, and the flow rate responds quasi-instantaneously to the applied pressure.
Whereas for Newtonian fluids, the volumetric flow rate Q is proportional to the pressure drop
1P, for more complex rheological properties, such as shear thinning, the pressure–flow rate re-
lationship deviates from a simple linear law (Li et al. 2011, Boyko & Stone 2021). In the nozzle,
increasing1P drives higher shear near the walls and thus lowers the effective viscosity. In addition,
the presence of a yield stress requires a minimum pressure to initiate flow,Q∝(1P − 1Py)m. As a
result, DIW inks often exhibit a critical pressure to initiate extrusion, followed by a quick rise in
flow rate beyond this pressure.

The convergence from a syringe or a reservoir into a small nozzle induces a flow field where
extensional flow is dominant near the centerline and shear-dominated flow is observed close to
the walls. If the convergence is too abrupt, recirculation zones can arise, increasing the pressure
drop required to maintain the same flow rate (Baloch et al. 1996, Alves et al. 2004). For viscoelastic
fluids, elastic stresses further enhance the pressure drop. Various studies have reported an extra
pressure difference in convergent flows that exceeds the Newtonian prediction (e.g., Rothstein &
McKinley 2001, Aguayo et al. 2008). This additional pressure drop requires higher operational
pressures and can induce unwanted flow instabilities or excessive shear that may compromise the
microstructure of the ink, for instance, breaking polymer chains or damaging cells in bio-inks.

It is thus desirable to optimize nozzle shapes to minimize the pressure drop and allow greater
flow control. For instance, Schuller et al. (2024) used a computational fluid dynamics (CFD)-based
optimization algorithm to determine the ideal nozzle-contraction shape for different viscoelastic
constitutive models. Their results showed that modest variations of the contraction angle and in-
let radius can significantly reduce extensional stresses while maintaining throughput. However,
a geometry optimized for one rheology may not be optimized for another. Adjusting curvature
or streamwise length of the nozzle may selectively promote shear or extension, depending on
whether the goal is, for instance, to align particles, minimize pressure drop, or encourage a par-
ticular flow pattern. These optimization approaches could be extended to particulate suspensions,
where additional constraints, such as particle alignment or clogging, come into play. For example,
a longer extensional zone might promote the alignment of anisotropic particles in shear-thinning
fluids (Férec et al. 2016).
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Feret diameter:
measure of a particle
size along a specified
direction

3.2. Suspensions of Particles and Clogging of Nozzles

One of the attractive features of DIW is the ability to utilize dense suspensions as inks. Highly
loaded suspensions of ceramic or metal powders enable the printing of green bodies that undergo
minimal drying shrinkage and have a high relative density, highly loaded polymer resins enable
the printing of high-performance composites and syntactic foams, and high loading of functional
fillers (e.g., magnetic particles, dielectric material, radiation absorbers, conductive fillers) leads to
composites with higher performance in the intended application. A synergistic benefit of large
volume fractions of particles is that high loading of filler materials in a carrier fluid can impart the
shear-thinning and yield-stress behavior that is desirable in DIW inks. However, a large volume
fraction of particles can also lead to clogging, which is a key bottleneck to achieving reliable and
defect-free DIW prints. While complete clogging leads to the end of the print, partial clogging
results in flow or volume fraction variations. The consequences of nozzle clogging extend beyond
process disruption, which often necessitates stopping to clear or replace the nozzle. Clogging also
leads to variability in extrusion rate, resulting in poor layer uniformity, high internal pressures
generating mechanical stress on the extruder mechanism, and potential variations in the extruded
filament thickness. Although a common issue, our understanding of clogging by particulate sus-
pensions in narrow nozzles remains largely empirical. Indeed, it is natural in material science to
try to avoid rather than document clogging, and it is a difficult phenomenon to observe in situ. As
a result, assessing potential nozzle clogging currently relies on empirical rules of thumb, such as
reducing the volume fraction of particles or increasing the nozzle diameter, rather than systematic
fluid mechanics principles. Such an approach inherently limits the complexity and functionality of
future ink formulations, requiring a high solid content for structural or functional performance.

3.2.1. Clogging mechanisms. In DIW, nozzles of diameters of order 100µm–1mm are used
to extrude suspensions of particles of various sizes and volume fractions up to 60%, which can
lead to clogging through different mechanisms: sieving, bridging, and deposition on nozzle walls
(Dressaire & Sauret 2017, Dincau et al. 2023).

Sieving is a size-exclusion mechanism. Particles, or agglomerates of particles, of dimension d
larger than the nozzle diameter D cannot pass and thus clog the constriction (Sauret et al. 2014,
Delouche et al. 2020). In the case of anisotropic particles, such as fibers, the occurrence of sieving
also depends on the orientation of the particles. Often, the largest Feret diameter, e.g., the length
for a fiber, can be considered as the length scale (Duchêne et al. 2020, Bräsel et al. 2024). Sieving
can occur even for particles much smaller than the nozzle dimension when transient clusters form,
as observed, for instance, with irregularly shaped fillers, inadequately dispersed agglomerates, or
flocculation-prone chopped fibers (Villalba et al. 2023). This can happen for colloidal particles
that are not well-stabilized and form clusters, or flocs, that are effectively much larger than the
nominal particle size and larger than the nozzle diameter. Even if the dimension of a deformable
particle is larger than the nozzle size, the particle may still flow through if the applied pressure is
large enough to deform it sufficiently (Moore et al. 2023).

Bridging occurs when particles of dimensions smaller than, but comparable to, the nozzle diam-
eter form a stable arch across the constriction (Marin& Souzy 2024).Most fundamental studies on
bridging have been performed with spherical particles and showed that bridging is probabilistic,
as it requires a sufficient number of particles to span the constriction to arrive together in the cor-
rect configuration (Goldsztein & Santamarina 2004). The probability of bridging increases as the
volume fraction increases (Vani et al. 2022) or as the nozzle-to-particle size ratio decreases (Marin
et al. 2018). For clogging by bridging, the mechanical properties of the particles play an impor-
tant role, as increasing the effective interparticle friction stabilizes arches and therefore raises the
probability of bridging (Hsu et al. 2021). Bridging can also occur with nonspherical particles, such
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Figure 4

(a) 3D rendering of fiber orientation in a clogged nozzle used to dispense a fiber-reinforced ink composed of 5% SiC in an epoxy resin.
Views are rotated approximately 45o around the nozzle axis. The color bar indicates the orientation of the fiber. Image provided by
Brendan Croom. (b) Decreasing the angle θ of the nozzle delays the clogging by bridging for spherical particles, here shown in
quasi-bidimensional systems. Panel reproduced from Vani et al. (2024) (CC BY 4.0).

as fibers (Hafez et al. 2021, Villalba et al. 2023). In particular, some DIW processes exhibit fiber
bridging and entanglement. Croom et al. (2021) used in situ X-ray radiography and ex-situ X-ray
computed tomography to probe the mechanisms behind nozzle clogging in the DIW printing
of fiber-filled polymer inks (Figure 4a). These experiments revealed that, although fibers tend
to align with the flow streamlines inside the nozzle, misaligned fibers can form log jams near
the nozzle tip. Indeed, any perturbation can cause a fiber to rotate or bend, making contact with
the nozzle walls. Once a few fibers misalign, they form a fibrous mat or bridge that traps others.
This process often starts stochastically; e.g., a slight fluctuation causes one fiber to tumble, which
then starts blocking others, eventually leading to a clog. Once a clog forms, the flow can either
completely stop or force its way through a small channel, resulting in an unstable, pulsating extru-
sion. Fiber clogging is particularly important when printing inks with high fiber volume fractions.
There is often a trade-off between adding fibers to enhance mechanical properties and the print-
ability limit due to clogging. Longer fibers and higher volume fractions increase the likelihood
of these clogs. The fluid mechanics here involves the interplay of flow-induced fiber orientation
and confinement. High shear tends to align fibers with the flow, which is good for preventing
clogs, but regions of recirculation or sudden contraction can disrupt alignment and lead to a clog
(Villalba et al. 2023, Bräsel et al. 2024).

Clogging by aggregation, sometimes described as wall adhesion or fouling, is a gradual mech-
anism in which particles deposit and accumulate on the nozzle walls, progressively narrowing
the flow channel (Wyss et al. 2006). Unlike bridging and sieving, aggregation clogs grow over
time as particle–particle or particle–wall adhesion causes a fouling layer to develop. This is akin
to colloidal deposition due to van der Waals forces, electrostatic attraction, or polymer bridging
(Dersoir et al. 2015) in microfluidics. Aggregation is sensitive to surface chemistry and flow con-
ditions. The constriction shrinks as the aggregate builds, eventually leading to a clog even if the
particles are much smaller than the original nozzle size. The deposition of particles on the nozzle
walls leads to an increase in extrusion pressure (for flow rate–driven flow) or a decrease in flow
rate (for pressure-driven flow).

3.2.2. Influence of density mismatch and the rheology of the interstitial fluid. For
suspensions used in DIW, it is rare that the particles are neutrally buoyant in the carrier fluid.
Most DIW inks utilize water, polymer resins, alcohols, or other solvents as the carrier fluid, and

Review in Advance. Changes may 
still occur before final publication.

www.annualreviews.org • Fluid Mechanics Challenges in Direct-Ink Writing 423

https://creativecommons.org/licenses/by/4.0/legalcode


D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lre
vi

ew
s.

or
g.

  U
ni

ve
rs

ity
 o

f M
ar

yl
an

d 
- 

C
ol

le
ge

 P
ar

k 
(a

r-
25

77
84

) 
IP

:  
12

9.
2.

89
.1

65
 O

n:
 W

ed
, 0

8 
O

ct
 2

02
5 

12
:1

1:
20

FL58_Art16_Sauret ARjats.cls September 25, 2025 14:17

ceramic, carbon, and glass fibers are denser than the typical carrier fluids, while polymer and glass
microballoons are generally less dense. In each case, DIW inks are susceptible to sedimentation
(or creaming, where buoyant particles float to the top of the suspension) over time. If printing
times are long relative to the characteristic sedimentation time of the particles, inks can separate
within the material reservoir or nozzle. This leads to local regions of dilute and concentrated
particles, which disrupt flow consistency and can cause clogging. In practice, most DIW inks
are designed to have a yield stress in the quiescent state, minimizing the risk of sedimentation.
However, low-viscosity inks may require agitation or recirculation to maintain homogeneity
and prevent clogging due to sedimentation. Notable exceptions to this include bio-based inks
for bio-printing and polymer/polymer composites, where cells, in the former case, or polymer
particles, in the latter case, have a similar density to that of the carrier fluid.

Clogging by particles dispersed in non-Newtonian fluids, such as yield-stress fluids, has been
barely considered in the fluid mechanics community. Yet, in addition to the role of the particles,
if the pressure in the nozzle drops below the yield stress, the material can solidify in place, effec-
tively forming a plug. In a yield-stress ink, flow cessation often leads to a permanent gel structure
remaining in the nozzle.When attempting to resume, the pressure may initially be insufficient to
break this gel, resulting in a clog. On the other hand, high extrusion pressures can cause particles
to form a tightly packed configuration at the nozzle. Thus, there is a window of optimal pressure:
If it is too low, the suspension will not restart (clogging by solidification), and if it is too high, it
may induce a jam via particle jamming. Curing or setting reactions are extreme cases. If the ink
begins to harden inside the nozzle due to heat, premature UV exposure, or simply time, it will
result in a hardened clog. Overall, the role of complex rheologies, as used in DIW, in clogging
remains to be explored.

3.2.3. Potential mitigation strategies for clogging. Because clogging is a critical issue inmany
applications, different strategies have been considered to mitigate these mechanisms. The op-
timization of the geometry can reduce clogging, as tapered nozzles have been shown to delay
clogging by bridging for suspensions of spherical particles, as illustrated in Figure 4b (Vani et al.
2024). Additionally, matching the nozzle size to the particle size is crucial; typically using a nozzle
diameter at least of order 10 times larger than the particle diameter is required. However, simply
using an oversized nozzle can sacrifice print resolution, so optimized designs are needed to bal-
ance printability and clog resistance. Nozzle surface treatments can also help to prevent clogging
by aggregation.

Although much less considered in fundamental fluid mechanics studies, optimizing the rheol-
ogy and composition of the ink can help with clogging. For instance, using appropriate dispersants
can prevent particle aggregation, and tuning viscosity and yield stress can help particles remain
suspended. For fiber-filled inks, controlling the fiber aspect ratio and flexibility can reduce the
chance of fiber bridging, as can tailoring the viscosity of the carrier fluid. For example, in a nu-
merical study of short carbon fibers in nylon,Zhang et al. (2021) showed that lowering the viscosity
of the interstitial fluid helped fibers align with the flow and eliminated many clogs. Conversely,
Hmeidat et al. (2021) studied epoxy resin loaded with short carbon fibers and observed less fre-
quent clogging and more consistent printing after increasing the viscosity of the epoxy through
the addition of nanoclay. Clearly, more work is needed in this area. Particle size distribution is
also important, but its role in the clogging of suspensions remains unclear, although it has been
highlighted in the DIW community (Delarue et al. 2024, Hossain & Akhtar 2024).

Active methods can also prevent or delay clogging. For instance, pulsatile flow has been shown
to delay clogging by aggregation (Dincau et al. 2020, 2022). Since vibrations are effective at de-
laying clogging by bridging in granular materials (Lozano et al. 2012), implementing vibration or
ultrasound at the nozzle can also be an effective way to delay clogging.
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3.2.4. Self-filtration. Distinct from the nozzle clogging mechanisms, dense suspensions can ex-
hibit self-filtration, a mechanism by which the volume fraction upstream of the nozzle increases
over time because the volume fraction of the suspension that escapes through the nozzle is slightly
lower than the volume fraction in the reservoir (Haw 2004, Kulkarni et al. 2010). The conse-
quences for DIW can be significant. The resulting increase in the local particle volume fraction
increases the clogging probability. Even if the nozzle does not clog completely, self-filtration can
lead to the extrusion of an ink with a lower-than-intended particle volume fraction, altering the
composition of the filament. Self-filtration does not necessarily require large or specially shaped
particles and can happen simply because of high volume fractions of particles. However, the in-
fluence of the nozzle geometry, volume fraction, particle shape, and fluid rheology on this process
remains largely unexplored and deserves further study.

3.2.5. Particle migration. Suspension flows in confined geometries often exhibit shear-induced
particle migration, which can lead to nonuniform particle distributions across the cross section of
the nozzle. Particles tend to migrate from high-shear regions to low-shear regions (Leighton &
Acrivos 1987, Frank et al. 2003). In a typical Newtonian pipe flow, this means particles drift away
from the walls toward the centerline, where shear rates are lower. This phenomenon can create
a core of concentrated particles along the flow axis. In viscoelastic fluids, additional migration ef-
fects can occur where normal stresses push particles toward the centerline or toward the walls,
depending on the fluid rheology (see, e.g., D’Avino et al. 2017). In DIW, shear-induced migra-
tion may contribute to nozzle clogging by focusing particles in certain regions of the nozzle. In
addition, even if a clog does not form, migration can still cause inhomogeneous filament com-
positions with a higher concentration of particles in the filament’s core. This has been observed
as a radial gradient in printed filaments for some inks. From a practical standpoint, controlling
flow rates and nozzle length can modulate migration. Some DIW systems also introduce active
mechanisms, such as acoustic focusing, to control the migration of the particles (Friedrich et al.
2017).

3.2.6. Fluid mechanics considerations for clogging in direct-ink writing. Direct numerical
simulations, for instance with a coupled CFD–discrete element method approach, can provide in-
sight into flow profiles and particle trajectories within confined systems and constrictions or into
low-shear regions where aggregation might occur (Mondal et al. 2016, Kanarska et al. 2019). Such
models could also incorporate the coupling between particles andmore complex rheology (Li et al.
2015, Chaparian et al. 2020). However, simulation complexity grows rapidly with the number of
particles and the rheology of the fluid, restricting the direct application of these models to rel-
atively small-scale or simplified scenarios. Experimentally, the challenge is to visualize clogging.
Researchers often employ transparent channels to observe clog formation in real time. Such exper-
iments with model materials (e.g., spherical particles, fibers) in Newtonian solvents have revealed
bridging dynamics and critical parameters affecting clogging, such as particle volume fraction and
roughness. When direct observation is impractical (as in an opaque channel), clogging detection
can rely on pressure and flow monitoring (Kopatz et al. 2024), as abrupt changes indicate incip-
ient arches or flow obstructions. Overall, most fluid mechanics studies devoted to clogging have
considered simple geometry, mainly Newtonian fluids, and spherical particles. Advances in our
understanding of clogging will require considering more complex systems and geometries, such
as 3D systems, and particles of complex shapes, such as fibers.

4. FORMATION, STABILITY, AND DEPOSITION OF FILAMENTS

Upon exiting the nozzle, the extruded fluid transitions into a free-surface flow, typically as a slender
cylindrical filament moving relative to the environment, and is deposited on a substrate. Though
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transient and sometimes overlooked, this intermediate phase influences the quality of the filament
deposited and the printed geometry.While fluid mechanics studies have extensively characterized
the formation of filaments and droplets in Newtonian homogeneous fluids, DIW printing in-
troduces additional complexity, as it involves non-Newtonian fluids that may contain particles.
These systems present unique fluid mechanical challenges that have been less explored than those
involving Newtonian fluids.

4.1. Filament Formation and Die Swell

Due to the large viscosity of the ink, when a viscous fluid is extruded from a nozzle, the capillary
number Ca is often large so that surface tension plays a comparatively minor role during extrusion
but becomes important once the filament is formed and free. The initial filament diameter is thus
usually set by rheology rather than capillarity. In particular, inks used in DIW often emerge with
a diameter larger than the nozzle, a phenomenon known as die swell (Tang et al. 2020). Die swell
occurs because fluid elements within the nozzle store elastic energy as polymer chains are stretched
or oriented under shear. Upon exiting the nozzle, the relaxation of stored normal stresses (first
normal stress difference N1) allows partial elastic recoil, causing the filament to widen (De Rosa
et al. 2023). This characteristic behavior, documented in the polymer processing literature (e.g.,
Tanner 1970, Pettas et al. 2015), is governed by fluid rheology and flow history.

The die-swell ratio α is defined as the ratio of the diameter of the filament and the nozzle
diameter, α = Dlig/D, and it increases with fluid elasticity, often quantified by the Weissenberg
numberWi= λU/D. InNewtonian cases, the swell ratio remains close to unity, exhibitingminimal
expansion beyond minor pressure drop effects, as these materials lack the normal stress-driven
recovery mechanism. In contrast, polymeric fluids can display substantially larger swell ratios.
Tanner’s law empirically states that the swell ratio α = Dlig/D is related to the first normal stress
difference N1 (Tanner 1970). Yield-stress fluids occupy an intermediate position. If the stress falls
below the yield stress upon exit, expansion is constrained. In practice, yield-stress fluids often
maintain nearly plug flow profiles upon exiting the die, occasionally exhibiting a slight contraction
in the absence of elastic stresses. For shear-thinning and weakly elastic fluids, the steep viscosity
gradient inside the nozzle flattens the velocity profile and limits velocity redistribution at the exit.
As a result, the die-swell ratio increases monotonically with the flow index n (Mitsoulis et al. 1984).

In practice, excessive die swell is undesirable for print fidelity, as it means the deposited filament
will be thicker than intended. Different strategies can help limit die swell, such as using lower
elasticity inks or tapering nozzle geometries. Although die swell has been extensively studied in
other contexts, different questions are raised by DIW inks, such as, for instance, the influence of
particles dispersed in the fluid on the die swell (Mezi et al. 2019).

4.2. Stability of the Filament and Heterogeneous Fluids

Once the filament is formed and extruded, its thinning and stability primarily result from capil-
lary and viscous forces. For a filament of Newtonian fluid of radius R, the classic Rayleigh–Plateau
instability predicts that perturbations with wavelength λ > 2πR are linearly unstable to axial per-
turbations (Eggers & Villermaux 2008). If the filament is sufficiently long, this condition results
in the breakup of the filament into droplets. However, viscous effects extend the capillary breakup
time while simultaneously stabilizing short-wavelength perturbations. The Ohnesorge number
Oh = η/

√
ργR captures this balance; when Oh k 1, the filament thins slowly, whereas Oh j 1

promotes rapid pinch-off.
The rheology of the ink strongly influences the stability of the filament. In particular, viscoelas-

tic fluids resist necking through extensional stresses so that a filament can persist for durations
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exceeding a Newtonian thread by multiple orders of magnitude (Dinic & Sharma 2019, Rajesh
et al. 2022). For a Deborah number De k 1 (indicating long relaxation times or rapid capillary
dynamics), the filament enters an extended elastic stretching regime.WhenDej 1, elastic effects
dissipate too rapidly to impede instability progression, resulting in breakup dynamics resembling
Newtonian behavior. Polymer solutions can also exhibit a distinctive beads-on-a-string instability
(Clasen et al. 2006, Bhat et al. 2010). Viscoplastic filaments introduce yet another stability mech-
anism, as a yield stress τY can prevent pinch-off below a critical thread radius. Essentially, surface
tension must generate sufficient stress of order γ /R to overcome τY. This relationship defines
a characteristic length scale Ry ∼ γ /τY. When R s Ry, capillary pinching becomes arrested by
the finite strength of the material, causing the filament to exhibit solid-like behavior capable of
self-supporting its weight without breaking. Experimental investigations with yield-stress fluids
(e.g., Carbopol or clay suspensions) confirm that filaments below a critical diameter threshold re-
sist further necking, instead forming stable cylindrical columns that either thin slowly via creep
mechanisms or maintain dimensional stability indefinitely (Geffrault et al. 2023).

From a practical perspective, the key dimensionless parameters governing filament stability
are the capillary number Ca = ηU/γ (the ratio of viscous to surface tension forces for axial flow
speed U),De orWi for elasticity, and the yield number Y = τYR/γ . Stable filaments require some
combination of high Ca or Oh (to damp capillary waves), high De (to stress-harden the filament),
or high Y (to resist deformation). When these conditions remain unsatisfied, the filament may
rapidly develop undulations before breaking into droplets.

A challenge arises when particles are dispersed in the ink. Indeed, the presence of particles
dispersed in the fluid can induce significant shear-thinning or yield-stress behaviors and can cause
substantial deviations from Newtonian scaling relationships during filament formation. Different
studies have shown that the presence of non-Brownian particles dispersed in a liquid also
accelerates the pinch-off of liquid filaments (Furbank &Morris 2004, Château & Lhuissier 2019,
Thiévenaz & Sauret 2021,Thiévenaz et al. 2021). Local particle rearrangements dynamically alter
effective rheology while generating fluctuating stress fields within thinning regions. A challenge
when printing fine features is to estimate when a macroscopic rheological approach that treats
the suspension as an effectively homogeneous fluid provides an adequate approximation. Indeed,
as the filament thickness approaches the particle scale, the flow exhibits marked nonuniformities
and potential pinch-off that bulk rheological measurements alone cannot capture (Château et al.
2018, Thiévenaz & Sauret 2022b).Whereas homogeneous liquids often follow universal thinning
laws that yield smooth, symmetric necks, the presence of solid inclusions perturbs the pinch-off
region. In turn, this may accelerate filament breakup or generate irregular satellite droplets.
Fibers can undergo alignment under extensional flow conditions, altering effective extensional
viscosity (Château et al. 2021), while deformable inclusions may stabilize or destabilize the
thinning filament depending on specific material properties and flow conditions (e.g., Thiévenaz
& Sauret 2022a).

4.3. Filament Deposition

During filament deposition, various instabilities can emerge when flow dynamics and translation
motion are imperfectly synchronized. Critical parameters governing this process include the ex-
trusion velocity Ve of the ink emerging from the nozzle of diameter D, the translational velocity
of the nozzle V relative to the substrate, and the stand-off height H between the nozzle and the
deposition surface. The extrusion velocity relates to the volumetric flow rate, Q = πVe (αD)2/4,
where α ≥ 1 accounts for the complex rheological effects, including die swelling.These parameters
define distinct processing regimes, rationalized through dimensionless printing parameters: the
nondimensional nozzle velocity V∗ a V/Ve and nondimensional stand-off height H∗ a H/(αD).
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Figure 5

(a) Illustration of the stability of a filament of viscoelastic ink deposited when increasing the nondimensional nozzle speed V∗. At low
V∗, overextrusion causes accumulation or coiling; at intermediate V∗, a normal extrusion (straight filament) is observed; and high V∗
leads to underextrusion, causing an intermittent filament. (b) Corresponding phase diagram for viscoelastic inks governed by
nondimensional parameters (H∗, V∗). Figure adapted with permission from (Yuk & Zhao 2018).

Conventional printing processes typically maintain V∗ and H∗ close to unity, allowing filament
deposition to occur with minimal deformation.

As Figure 5a illustrates, innovative approaches increasingly leverage controlled deformation
and instabilities by operating outside this parameter space (Yuk & Zhao 2018). Overextrusion
conditions (V∗ < 1), where material delivery exceeds the nozzle translation speed, result in classic
viscous buckling, coiling instabilities, and material accumulation (Chiu-Webster & Lister 2006).
This phenomenon closely parallels the well-documented liquid rope coiling effect,where a viscous
fluid thread spontaneously forms an organized loop pattern when accumulating on a surface (Ribe
et al. 2012). At low substrate speeds, a falling viscous thread coils like a rope; at higher speeds, the
thread can be stretched into meandering or looping patterns (Morris et al. 2008). These insta-
bilities have been extensively characterized over recent decades following the pioneering work of
Chiu-Webster & Lister (2006), who documented a rich variety of “fluid-mechanical sewing ma-
chine” patterns for a viscous thread on a moving belt (e.g., straight, meanders, loops, figure eights)
depending on V∗ and H∗ (Brun et al. 2015). Such instabilities frequently manifest in DIW pro-
cesses when nozzle translation and extrusion rates are mismatched. Indeed, strategic overextrusion
in DIW protocols intentionally induces filament buckling or folding instead of linear deposition
(Bandala et al. 2025).Conversely, underextrusion conditions (V∗ > 1) with viscoelastic fluid,where
material delivery falls below the nozzle translation speed, promote filament thinning during depo-
sition, enabling the production of fine structural features (Yuk & Zhao 2018). However, when V∗

exceeds material-specific threshold values, discontinuous deposition patterns emerge (Geffrault
et al. 2023, Coussot 2025). Phase diagrams across the (V∗, H∗) parameter space, as shown in
Figure 5b for a given viscoelastic ink, highlight that transition boundaries between distinct
regimes (as well as the detailed structure of coiling instabilities) depend on the ink’s rheological
properties.
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5. FORM HOLDING

The critical phase following extrusion is filament deposition,where ink is strategically laid down to
construct structures layer by layer. Print success requires maintaining filament stability, achieving
precise material placement, and ensuring proper solidification. During deposition, the extruded
material follows prescribed pathways as filaments or droplets, raising questions of free-surface
flow dynamics, viscoplastic spreading, interfacial adhesion, and coalescence.

5.1. Spreading Dynamics and Shape Retention

After initial shape setting, filaments must solidify through mechanisms such as solvent evapora-
tion, cooling, or curing to support subsequent layers. For solvent-based inks, commonly used in
colloidal suspensions or bio-inks, solvent evaporation generates concentration gradients and capil-
lary flows analogous to coffee-ring effects,which can potentially cause uneven particle distribution
or filament cracking. UV-curable systems may experience shrinkage stresses during curing. Most
DIW implementations avoid purely viscous liquid formulations since filament stability during so-
lidification cannot be guaranteed. Instead, they rely on yield-stress materials that recover solid-like
behavior shortly after deposition. Even with yield stress, some transient spreading occurs right af-
ter deposition.The layer may flatten over time if the ink does not recover its structure quickly or if
the yield stress is insufficient (Figure 6a). Slow recovery may exacerbate postdeposition slumping.

When a fluid filament is deposited onto a substrate, it initially spreads radially due to capillary
pressure,1Pcap ∼ γ /h(t), where γ is the surface tension and h(t) is the filament height.While grav-
ity dominates spreading in large-scale DIW processes, surface tension becomes the primary driver
at smaller scales. The filament spreads until equilibrium is reached through either the balance of
surface energy or the recovery of yield strength. Notably, a Newtonian fluid filament without
solidification mechanisms will break into droplets if the contact lines retract. This fundamental
limitation explains why DIW inks are engineered to recover or set rapidly once extrusion stresses
dissipate (Tagliaferri et al. 2021).

Recent work by van der Kolk et al. (2023) examined single-line configurations of model yield-
stress fluids. As shown in Figure 6b, filaments spread to a finite width until yield stress equilibrates
with capillary forces, creating a stable pancake shape. The spreading velocity U(t) is governed by
the balance

γ
∂h
∂r

∼ τY + ηp γ̇ , 3.

where ηp is the plastic viscosity and the shear rate scales as γ̇U/h. As can be expected, higher
values of the yield stress τY lead to less spreading, as illustrated in Figure 6c. For τY ≫ ηp γ̇ (i.e.,
at high Bingham numbers Bn = τYD/ηpU), the flow localizes near the contact line, forming a
pseudoplug region where τ < τY. The spreading stops when the capillary stress is balanced by the
yield stress, leading to Rf ∼ γ /τY, where Rf is the equilibrium filament radius. This balance defines
the plastocapillary numberJ (see the sidebar titledDimensionless Parameters).Experimental data
for Carbopol gels confirm that Rf/L ∝ J , with deviations occurring at high Bond numbers Bo =
ρgRf

2/γ k 1,where gravitational effects become significant (van der Kolk et al. 2023).Unlike fully
leveled Newtonian films, the plastocapillary spreading regime represents a fundamental concept
in DIW, where filaments behave like viscoplastic droplets that stop spreading while maintaining
raised profiles.

5.2. Coalescence and Layers Bonding

Effective bonding between deposited filaments and the substrate or previous layers is essential for
the structural integrity of the printed structure. The physical state of each layer, whether fluid
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Figure 6

(a) Effect of yield stress on structure retention in printed filaments for different concentrations of functional living ink (Flink) leading
to increasing yield stress: τY ∼ 20Pa, 150Pa, and 360Pa, from left to right. Panel adapted with permission from Schaffner et al. (2017).
(b) Deposition of a filament of a yield-stress fluid on a moving prewetted substrate. The filament spreads on the surface until it reaches
a final width. The inset shows an image from an optical coherence tomography (OCT) scanner, where blue and red lines highlight the
interface of the filament and the substrate. (c) Final half-width of the printed line for different flow rates and yield-stress values. Panels b
and c adapted from van der Kolk et al. (2023) (CC BY 4.0). (d) Serpentine pathway used to deposit a ligament of yield-stress fluids of
controlled width w separated by a distance δ. Depending on the overlap ratio δ/w of the printed lines, different morphologies of the
deposit are observed, such as continuous with a flat profile (F) for δ/w = 0.5 or discontinuous (D) for δ/w = 1.1. On the plots, the blue
vertical lines indicate the position of the print path, and the red line is the profile. Panel adapted from Colanges et al. (2023)
(CC BY 4.0). (e) Example of stable versus sagging ligaments for two different spacings. Panel adapted from Legett et al. (2022)
(CC BY 4.0). ( f ) Example of slumping for 5-mm stacks of suspensions printed with a 500-µm nozzle with yield stress τY ∼ 120Pa (top)
and τY ∼ 350Pa (bottom). Panel adapted from M’barki et al. (2017) (CC BY 4.0). (g) Example of the buckling of a printed structure
(wall) made of nanoclay ink. Panel adapted with permission from Romberg et al. (2021).

or solid, critically influences the quality of interfacial bonding. Wet-on-wet deposition involves
printing new filaments onto still-fluid or uncured previous layers, enabling material coalescence
and fusion. Conversely, wet-on-dry deposition occurs when the previous layer has solidified, often
resulting in distinct interfaces or compromised adhesion (Fiske et al. 2018).Wet-on-wet printing
can be understood through fluid mechanics as a coalescence phenomenon.When a fresh filament
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is deposited onto a liquid or semiliquid layer, its interface behaves like merging droplets or vis-
cous lenses (Eggers et al. 2024). The coalescence of Newtonian droplets or of a droplet with a
film has been considered in various studies, but the case of viscoplastic fluids is more complex
(Kern et al. 2022). Colanges et al. (2023) have shown that controlling the width and spacing of
filaments of yield-stress fluids can lead to films with a smooth, continuous final profile, as shown in
Figure 6d. If a new filament is deposited on a still-wet layer, the two may partially merge, which
can be beneficial for bonding but may also cause additional spreading or sagging due to the liquid–
liquid interface. For instance, Jalaal et al. (2021) examined yield-stress fluid droplets spreading on
thin films of identical composition, providing an idealized model for layer-on-layer deposition
dynamics.

5.3. Stability of Printed Structures

As 3D structures develop through filament stacking, the weight burden on lower filaments in-
creases progressively.DIW-constructed structuresmay deform or collapse under their ownweight
if the constituent materials lack sufficient yield stress or solidification capacity to withstand accu-
mulated stresses.Empirical studies reveal multiple stability failuremechanisms,with gap spanning,
slumping, viscoelastic buckling, and plastic collapse being the most common.

5.3.1. Gap-spanning filament. When DIW filaments bridge gaps between supports, they in-
evitably sag under gravitational forces, adopting catenary shapes that may contact underlying
layers or rupture (Smay et al. 2002, Ribeiro et al. 2017). In this mode, the deformation magni-
tude increases with the span length and decreases with the fluid yield stress (Figure 6e). While
yield stress is crucial for preventing permanent plastic deformation, the elastic modulus of the ink
provides the initial resistance to sagging.Therriault et al. (2007) introduced a filament collapse test
measuring mid-span deflection, which correlates directly to yield stress and viscoelasticity. They
observed that inks with a higher solid content, and thus higher yield stress and storage modulusG′,
produce filaments with significantly reduced sag angles, while low-viscosity formulations collapse
readily. Fluids with insufficient yield stress exhibit catastrophic failure in span tests, either sag-
ging until substrate contact occurs or breaking mid-span. Such failures delineate the printability
limit for gap spanning, as an ink must have a minimum yield stress to hold its own weight. More
recently, Saengow et al. (2025) demonstrated that optimal gap-spanning performance requires
both sufficient yield stress to resist sagging and high extensibility to tolerate stretching without
pinch-off.

For small deflections, one can model a spanning filament as a simply-supported beam of length
L, weight per length w = ρAg (with ρ being the density,A the cross-sectional area, and g gravity),
and bending stiffness EI. The deflected shape y(x) satisfies the beam equation EI, y′ ′ ′ ′(x) = w.
The classic solution gives a maximum deflection at mid-span of δmax = (5wL4)/(384EI) for a
uniformly loaded beam of length L. At first order, a stiffer filament or shorter span (large EI or
small L) sags less. However, DIW filaments exhibit yield-stress and viscoelastic behaviors rather
than ideal elastic responses. Before any yielding occurs, the filament will sag elastically under its
ownweight.The extent of this initial, recoverable deformation is governed by the storagemodulus
G′. If the self-weight of the filament induces stress beyond the yield stress τY, the material will
flow or plastically deform until stresses drop to τY. By balancing the gravitational force against
the yield resistance, the critical span Lc that a cylindrical filament of diameter d can self-support
can be estimated as

τY ∼ ρgAL2
c

8I
= 2ρgL2

c

d2
, 4.
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so that Lc ∼ [τY d2/2ρg]1/2. This simple scaling captures the intuitive trends observed in experi-
ments: stronger, thicker filaments support longer spans, whereas heavy or weak (low τY) filaments
collapse at shorter lengths.More rigorous theoretical treatments of hanging viscoplastic filaments
have been developed using slender-body and catenary theory. For instance, Kamrin &Mahadevan
(2012) derived nonlinear equations for filaments of arbitrary rheology (Maxwell fluids, Bingham
plastics, etc.) undergoing sagging and showed that a yield-stress filament will sag over time and
then stop once the stress falls to τY. However, this model of plastic failure does not account for the
initial elastic sagging, which can also be a limiting factor in print quality. A high extensional vis-
cosity, often correlated with the material’s elasticity, can also play a role in preventing the filament
from thinning and rupturing under its own weight.

Surface tension minimizes curvature and can partially counteract sagging but may simulta-
neously induce filament pinch-off. At high plastocapillary numbers J (high yield stress relative
to surface tension), filaments resist necking and exhibit solid-like behavior; at lower values, fila-
ments may thin or rupture through capillary pinch-off. For typical DIW filaments (0.1–1 mm in
diameter) over a large enough gap, gravitational effects generally predominate, though capillarity
may introduce subtle modifications.

5.3.2. Slumping. Similar to individual filaments, columns created from stacked filaments can
bulge and slump under their own weight when mechanical strength is insufficient (Figure 6f ).
Even initially stable structures may experience gradual creep if the constituent fluid undergoes
slow structural recovery. Thixotropic inks that require a long time to rebuild stiffness may exhibit
a time-dependent slump, where layers slowly flatten as the underlying material yields.

The maximum height H of a self-supporting column of cross-sectional area A made of a vis-
coplastic material of yield stress τY can be estimated by considering that the compressive stress at
the base due to the weight of the column, ρgH, should not exceed the yield stress of the material
τY (Liu et al. 2016, Romberg et al. 2021). Thus, Hc ≈ τY/(ρg) is the approximate critical height
where a yield-stress fluid column begins yielding under self-weight—analogous to measurements
in classical slumping tests (Staron et al. 2013). In practice, finite yield-stress fluids initiate slumping
once a threshold layer count or height is reached. Indeed, beyond this threshold, as additional ma-
terial is deposited, the lower layers yield and flow laterally, enlarging the effective cross-sectional
areaAeff. This lateral spreading reduces the self-weight stress to ρgHnew, and once that stress drops
below the yield stress τY, the deformation stops.

5.3.3. Viscoelastic buckling and plastic collapse. When an ink possesses sufficient yield
strength to suppress slumping after deposition, tall slender structures may fail through buckling
rather than uniform slumping. The buckling mechanics of near-vertical viscoplastic columns have
been theoretically analyzed by Balmforth &Hewitt (2013), while self-weight-induced buckling of
tall elastic columns was studied for many decades. Recently, Romberg et al. (2021) investigated the
structural stability of printed thin walls, demonstrating that buckling instabilities can be accurately
predicted using simple elastic buckling models under self-weight considerations, provided the re-
covered storagemodulus after shear excursion was used to calculate the critical height for buckling
(Figure 6g). Consequently, even perfectly elastic materials have maximum self-supporting height
before lateral buckling occurs in slender configurations. Furthermore, Romberg et al. (2022a)
found that even small deviations (∼5°) from vertical caused the failure mode to transition from
elastic buckling to plastic collapse, dictated by the yield stress of the ink through the fully plas-
tic moment of the wall. Finally, the DIW process introduces additional perturbations, such as
machine vibrations and forces transmitted from the nozzle to the printed object, that can trig-
ger instabilities or potentially slow or prevent full recovery of the storage modulus and yield
stress.
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Figure 7

Emerging areas of innovation in direct-ink writing printing center on (a) optimizing the ink chemistry to enhance curing, (b) including
additives to impart additional functionality in a printed component, and (c) developing active nozzles that enable additional layers of
control over a printed line. Abbreviations: CLC, cholesteric liquid crystal; DCPD, dicyclopentadiene; DML, DCPD-modified linseed
oil. Panel a adapted with permission from Ziaee et al. (2023); copyright 2023 American Chemical Society. Panel b adapted from Ng
et al. (2025) (CC BY 4.0). Panel c adapted with permission from Kang & Mueller (2025).

6. CONCLUSION: OUTLOOK, CHALLENGES, AND OPEN QUESTIONS

DIW enables the fabrication of 3D structures through the extrusion of rheologically complex flu-
ids, with success dependent on precise control of the fluid mechanics processes involved. Within
the nozzle, shear-thinning, viscoelastic, and yield-stress behaviors govern extrudability, while
particle-laden inks may trigger clogging. Postextrusion, extensional flows form filaments whose
integrity depends on the balance between capillary forces, gravity, and rheological properties. On
the substrate, controlled spreading and microstructural recovery ensure shape retention, whereas
insufficient yield stress leads to structural slumping. Improving DIW processes requires develop-
ing fundamental models based on fluid mechanics principles, bridging rheological measurements,
experimental approaches, dimensionless scaling analyses, and computational models to predict
outcomes and optimize ink formulations, nozzle geometries, and printing protocols. Such knowl-
edge will then enable the development and improvement of new DIW approaches (Figure 7).

While still peripheral to most DIW research efforts, a growing body of work demonstrates
that the performance envelope of DIW can be significantly expanded when physicochemical
transformations are programmed to occur during or immediately after extrusion. Strategies
range from latent, heat-triggered (McKenzie & Koerner 2020), or photo-initiated chemistries
(Yirmibesoglu et al. 2021) that remain quiescent under high shear but solidify within seconds after
deposition to exothermic frontal ring-opening metathesis polymerization (FROMP) that con-
verts centimeter-scale features into stiff thermosets via self-propagating reaction fronts (Aw et al.
2022). Inks containing blocked isocyanates (Wang et al. 2024), microencapsulated cross-linkers
( Jiang et al. 2023), or dual-cure epoxies (Kopatz et al. 2021) have likewise enabled the printing of
elastomers, structural composites, and even ceramic precursors that were previously considered
unprintable, while inline mixers (Teves et al. 2024) or concentric-nozzle geometries (Brown et al.
2025) allow two-part systems to be combined only at the point of deposition, eliminating pot-life
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constraints. Such advances underscore the need for fluid mechanics models that embed reaction-
rate expressions into continuum descriptions of shear-thinning and yield-stress behavior so that
flow stability, filament coalescence, and postdeposition solidification can be predicted simulta-
neously. Complementary efforts seek to harness external fields (e.g., magnetic, electric, acoustic)
with fluid mechanics to manipulate ink microstructure or trigger solidification without altering
the underlying chemistry ( Johnson et al. 2021). As these stimuli act at a distance and can be mod-
ulated on subsecond timescales, they provide additional forms of control over microstructure and
material properties.

Taken together, stimulus-responsive kinetics, reactive ink chemistries, and field-directed as-
sembly shift DIW from a purely kinematic patterning strategy to a platform for spatiotemporal
materials synthesis. The fluid mechanics theory and models reviewed herein therefore do more
than describe flow through a nozzle: They offer a predictive framework for synchronizing shear
histories, residence times, chemical conversion, and field interactions so that solidification by de-
sign can be rationally implemented, whether via FROMP (Aw et al. 2022, Kim et al. 2025), in
situ UV curing (Kopatz et al. 2021), or print-on-demand mixing of reactive components (Uitz
et al. 2021, Romberg et al. 2022b). By explicitly coupling viscoelastic flow models with reaction–
diffusion and field-interaction terms, next-generation simulations will inform the inverse design
of inks, nozzle geometries, and tool paths, accelerating the creation of DIW structures whose
mechanical, electrical, and biological performance is encoded from the nozzle to the final part.

SUMMARY POINTS

1. Successful direct-ink writing printing requires a balance of key rheological properties.
Shear-thinning behavior enables extrudability under moderate pressures. Yield stress
provides shape retention to prevent slumping after deposition. Viscoelasticity influences
the stability of the filament, die-swell effects, gap spanning by elastic recoil, and interlayer
adhesion.

2. Clogging is a key issue for particle-laden inks in nozzles. Recent efforts clarify how
bridging, sieving, and aggregation act collectively in nozzles, with phenomena like
fiber orientation and self-filtration adding further complexity in dense or anisotropic
suspensions.

3. Filament formation and extensional dynamics are important for print resolution. The
transition from a confined flow in a nozzle to free-surface flow promotes die swell and
potential necking instabilities.Non-Newtonian effects, including extensional thickening
and viscoplastic resistance, significantly modify filament stability compared with classical
Rayleigh–Plateau behavior.

4. Flow stability is highly sensitive to nozzle geometry and process parameters. Sudden
contractions increase the pressure drop and induce undesirable recirculation, whereas
tapered geometries can mitigate clogging.Dimensionless criteria help create printability
maps that guide the selection of these parameters for different complex fluids.

5. Deposition onto the substrate involves spreading and coalescence and requires me-
chanical robustness. Capillary forces, gravitational loading, and rheological recovery
dictate the final filament profiles. Yield stress and viscoelastic phenomena determine
whether gap-spanning filaments sag or buckle, while stacked columns may slump if the
self-weight exceeds the critical yield strength.
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FUTURE ISSUES

1. The rheology and printability of complex suspensions remain a key challenge, re-
quiring improved modeling frameworks to describe suspensions of polydisperse or
complex-shaped particles in non-Newtonian carrier fluids. Of particular importance
are extensional flow regimes to capture thinning dynamics and potential pinch-off
singularities, which are only partially understood.

2. Clogging, particularly its modeling and prevention, requires further research as our cur-
rent understanding, especially for complex fluids, is mainly empirical. There is a need to
develop guidelines for particles of complex shapes in different geometries dispersed in
non-Newtonian interstitial fluids. Vibration, ultrasonic agitation, and pulsatile flows can
mitigate clogging in granular or fibrous suspensions, but the underlying fluid mechanics
has not been systematically characterized.

3. The free-surface flow of heterogeneous fluids poses a challenge as complex suspensions
transition from confined to free-surface flow, continuum approaches may fail when the
extrusion diameter approaches the particle scale or when large aggregates form. Identi-
fying dimensionless criteria for when discrete, particle-level physics must be accounted
for will improve predictions of filament stability, breakup, and shape fidelity.

4. Exploiting deposition instabilities for advanced geometries presents a new design capa-
bility,moving beyond the traditional view of coiling ormeandering of extruded filaments
as a defect. However, harnessing these instabilities with carefully tuned fluid rheology
and substrate motion may enable novel multiscale architectures. Quantifying their onset
criteria would expand our design capabilities.

5. Although we did not discuss the solidification of the filament in this review, its deposition
involves both fluid deformation and emergent solidification (via cross-linking, cooling,
or evaporation). Current models typically treat these independently. More integrated
numerical frameworks that simultaneously solve non-Newtonian flow and phase-change
kinetics could help direct ink-writing processes.
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