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Rheological concepts
Jammed granular particles,1–5 entangled polymer solutions,6 
micelles packed into solid-like phases,7,8 and polymer net-
works with reversible bonds9,10 are among the materials that 
have been investigated for the manufacture of soft struc-
tures. These different categories of soft matter exhibit unique 
and complex frequency-dependent behaviors, however, they 
are often described by classical viscoelastic models within 
bounded frequency ranges. While simple classical models do 
not perfectly capture the complex behavior of these materi-
als, they can provide a framework for predicting performance 
in three-dimensional (3D) printing applications. The two sim-
plest frameworks for describing the rheology of viscoelastic 
materials are the Maxwell and Kelvin–Voigt models.11–14

Maxwell materials:  
Low-frequency fluids/high-frequency solids
Soft matter printing materials that behave like solids at high 
frequencies and liquids at low frequencies may be described 
by the Maxwell model (Figure S1a). Even in the limit of zero 
applied stress and zero strain, these materials are fluids over 
long time scales and are often referred to as “Maxwell flu-
ids.” The stress relaxation curve of these materials is mod-
eled by a spring and dashpot arranged in series, given by  
G(t) = G0 e–1/τ, where G(t) is the ratio of stress to strain as 
a function of time, often called the stress relaxation modu-
lus. The frequency-dependent elastic shear modulus (G′) and 
viscous shear modulus (G″) of Maxwell materials can be ob-
tained by Fourier transforming the stress relaxation curve and 
are given by:

G ′(ω) = G0 (ωτ)2

(1 + (ωτ)2)
  and  G″(ω) = G0 (ωτ)

(1 + (ωτ)2)
,    (1)

where G0 is the high-frequency elastic modulus, ω is the fre-
quency, and τ is the characteristic structural relaxation time. 
Generally, materials exhibiting thermally driven relaxations, 

including spontaneous bond-breaking, particle rearrange-
ments, or polymer entanglements, will behave like Maxwell 
fluids at long time scales. In soft matter 3D printing, materials 
that appear to behave like Maxwell fluids at low frequencies 
include concentrated micelles15,16 and polymer networks with 
weak reversible bonds.9,10 Micelles have a counterintuitive 
pairing of structure and rheology; they exhibit fluid-like be-
havior at low frequencies even when concentrated into pack-
ings with crystalline symmetry.15,16

Kelvin–Voigt materials:  
Low-frequency solids/high-frequency fluids
In direct contrast to Maxwell fluids, soft matter printing ma-
terials that exhibit elastic behavior at low frequencies and vis-
cous behavior at high frequencies may be described by the 
Kelvin–Voigt model (Figure S1b). In the Kelvin–Voigt model, 
the elastic and viscous shear moduli are given by G ′(ω) = G 
and G″(ω) = ηω, where G is a frequency independent shear 
modulus and η is a simple Newtonian viscosity. These moduli 
can be obtained by Fourier transforming the stress relaxation 
curve of a spring and dashpot in parallel.11,12 The Kelvin–Voigt 
model captures the elastic modulus of soft materials that do 
not spontaneously restructure under thermal forces, such as 
covalently cross-linked hydrogels or soft jammed granules 
(particle diameter larger than 1 µm). However, these materials 
generally exhibit non-Newtonian dissipation, so the model’s  
G″ scaling law often fails to describe material behavior. In soft 
matter printing, jammed granular microgels have been shown 
to exhibit the frequency-independent elastic modulus of the 
Kelvin–Voigt model and behave dominantly like elastic sol-
ids, even in the low-frequency limit.1,3,4,17,18

Applying rheological models to soft matter 
printing materials
The dramatically different low-frequency behaviors of these 
two classes of material are reflected in their responses to ap-
plied strain in the zero-frequency limit. The zero-frequency 
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Figure S1. Rheological properties of soft matter 3D printing materials. (a) Maxwell materials exhibit 
solid-like behavior at high frequencies and liquid-like behavior at low frequencies. Sacrificial inks 
and support materials with thermally activated relaxations often exhibit Maxwell-like rheology. 
(b) Kelvin–Voigt materials exhibit fluid-like behavior at high frequencies and solid elastic behavior at 
low frequencies. Materials with microstructures that cannot be relaxed by thermal fluctuations often 
exhibit Kelvin–Voigt-like rheology. (c) Unidirectional shear-rate sweeps illustrate the differences 
between yielding and shear thinning materials used in soft matter 3D printing in comparison to 
a Newtonian fluid. (d) Materials with very different rheological properties exhibit similar drop offs 
in the elastic shear modulus at high strains. Note: G′, elastic shear modulus; G″, viscous shear 
modulus.

limit can be probed by per-
forming unidirectional shear-
rate sweeps in which stress 
is measured as a function of 
shear rate (Figure S1c). For 
example, at low shear rates, 
jammed granular microgels 
bear shear-rate-independent 
stresses and are dominated 
by elasticity; at high shear 
rates, these materials fluid-
ize and are dominated by 
viscous losses.17,19 This be-
havior is captured by σ = 
σy+ k p where σ is the shear 
stress, σy is the yield stress 
of the material,  is the shear 
rate, and p is a dimensionless 
constant; p = 1 corresponds 
to a Bingham plastic and 
p < 1 corresponds to a Her-
schel–Bulkley material.17,20,21 
In contrast, materials well 
described by the Maxwell 
model, including polymer 
melts, entangled polymer so-
lutions, polymer networks 
with reversible bonds, and 
concentrated micelles, are 
dominantly fluid-like at low 
frequencies, and therefore, 
do not exhibit a shear-rate-
independent shear stress at 
low shear rates.10,22 Shear-rate 
sweeps on several of these materials reveal shear-thinning be-
havior, in which stress scales as  at low shear rates and p at 
high shear rates, where p < 1 (Figure S1c).
	 In the published literature, when new materials and meth-
ods for soft matter printing applications are reported, the 
yielding of a material is often characterized by measuring 
how the elastic shear modulus, G′, varies with applied stress 
or strain at a single oscillatory frequency. In these tests, G′ is 
most always found to be a constant at low levels of stress or 
strain and to drop dramatically at high stresses or strains. The 
threshold stress at which the elastic shear modulus begins to 
drop is used to approximate a yield stress. Most complex flu-
ids, including jammed granular materials, colloidal glasses, 
concentrated polymer solutions, polymer melts, and polymer 
networks with reversible bonds, exhibit this transition (Figure 
S1d). The preceding discussions of Maxwell fluids, Kelvin–
Voigt solids, yielding, and shear thinning, demonstrate that the 
underlying mechanisms controlling this general “thinning” 
behavior can differ significantly from material to material. 
Thus, caution must be taken when interpreting measurements 
of G′ versus stress or strain; the performance of a material 

in 3D printing applications are not easily inferred from such 
measurements. A more tractable characterization is attained 
from measuring frequency-dependent moduli and stress as a 
function of shear rate.

Methods
All literary searches conducted for this review were per-
formed in Google Scholar using combinations of the follow-
ing search terms: 3D printing, 3D bioprinting, biofabrication, 
soft matter printing, hydrogel printing, embedded printing, di-
rect write, sacrificial material, sacrificial support, sacrificial 
scaffold, sacrificial inks, biomaterials, self-healing, granular 
materials, yield stress materials, liquid like solids, tissue en-
gineering, rheology. All graphical representations of data pre-
sented here were developed specifically for this review article 
by the authors using data gathered during literary searches; 
citations are included for the sources of the presented data in 
the figure and figure captions as appropriate.
	 All papers that contain the necessary data related to printed 
feature size, material deposition rate, and tangential velocity 
of the nozzle were included in Figures 2 and 3 (in the main 
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article). When presented in the text or in a tabular format, the 
material deposition rates, feature sizes, and tangential veloci-
ties were copied directly; when presented in a graphical for-
mat, these variables were measured from the given axes or 
scale bars. The cross-sectional area of printed structures was 
determined using A = πab/4, where a is the width and b is 
the height of the printed structure. When only a single dimen-
sion was given, the cross-sectional area was approximated by 
A = πd2/4. Those papers that did not provide sufficient infor-
mation to determine one or more of the required variables 
were excluded from Figures 2 and 3 (in the main article).
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