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coelastic and yield stress fluid behaviors. In 
general, they demonstrate elastically domi-
nated, solid-like response near static con-
ditions and facile, reversible transitions to 
viscously dominated, liquid-like responses 
upon the application of stress.[5,7,12–17] This 
seemingly paradoxical presentation of 
both rheological solid-like and liquid-like 
properties has been leveraged to enable 
the precise fabrication of 3D material scaf-
folds that effectively mimic the structural 
complexity of the extracellular matrix. 
They represent a significant portion of the 
tissue engineering scaffolds[18–25] and drug 
delivery platforms[8,10,26–29] developed over 
the past two decades because their ability to 
maintain a distinct 3D structure provides 
mechanical support for therapeutic cells 
in engineered tissues as well as localized 
retention of therapeutics with prolonged 
delivery kinetics. PHs have emerged as 
viable alternatives to postdelivery reaction 
strategies that rely on two-component post-
cure gelation, thermally induced gelation, 
or light-activated postcure polymerization 
by eliminating the need for initiators and 
external stimuli.

The crosslinking motifs in PHs are dynamic, noncovalent 
physical interactions. These interactions are diverse and span a 
variety of formulations, topologies, and chemistries, including 
host–guest interactions, hydrogen bonding, metal–ligand coor-
dination, polymer–nanoparticle (NP) interactions, and protein–
protein interactions.[12,27,30–33] Noncovalent crosslinks imbue 
PHs with highly complex rheological behaviors, including 
yielding, shear-thinning, viscoelastic, and thixotropic behav-
iors. PHs behave as solid-like gels when their physical interac-
tions form a percolated crosslinked network. Their viscoelastic 
properties are impacted by both the thermodynamics and the 
dynamics of the physical interaction. The thermodynamics 
of the interaction control the proportion of bound crosslinks 
within the PH network. The interaction dynamics, however, 
dictate the rate of relaxation and reformation within the net-
work, leading to solid-like viscoelasticity at time scales shorter 
than the relaxation time of the network and liquid-like viscoe-
lasticity at longer time scales. Indeed, the dissociation rate of 
the physical crosslinking interactions in PHs has been shown 
to dictate the terminal relaxation time in unentangled physi-
cally crosslinked networks, while the association rate of the 
interaction dominates the recovery behavior of a disrupted 
network.[34–36]

Physically associated hydrogels (PHs) capable of reversible transitions 
between solid and liquid-like states have enabled novel strategies for 3D 
printing, therapeutic drug and cell delivery, and regenerative medicine. 
Among the many design criteria (e.g., viscoelasticity, cargo diffusivity, 
biocompatibility) for these applications, engineering PHs for extrudability 
is a necessary and critical design criterion for the successful application of 
these materials. As the development of many distinct PH material systems 
continues, a strategy to determine the extrudability of PHs a priori will be 
exceedingly useful for reducing costly and time-consuming trial-and-error 
experimentation. Here, a strategy to determine the property–function 
relationships for PHs in injectable drug delivery applications at clinically 
relevant flow rates is presented. This strategy—validated with two chemi-
cally and physically distinct PHs—reveals material design spaces in the form 
of Ashby-style plots that highlight acceptable, application-specific material 
properties. It is shown that the flow behavior of PHs does not obey a single 
shear-thinning power law and the implications for injectable drug delivery 
are discussed. This approach for generating design criteria has potential 
for streamlining the screening of PHs and their utility in applications with 
varying geometrical (i.e., needle diameter) and process (i.e., flow rate) 
constraints.

1. Introduction

Physically associated hydrogels (PH) are highly attractive 
materials for a broad range of applications ranging from 3D 
printing[1–7] to therapeutic cell delivery and controlled drug 
delivery.[8–11] Owing to their dynamic and noncovalent molecular 
structure, many PHs demonstrate complex, time-dependent vis-
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Engineering PHs for applications in injectable drug delivery 
and 3D bioprinting remains a significant challenge. In general, 
PHs must be designed to meet the design constraints of three 
separate process domains: i) pre-extrusion, ii) extrusion, and iii) 
end-use (Figure 1a). When designing PHs, properties that affect 
end-use function are generally of primary importance (e.g., 
the stiffness of a 3D printed construct or the release kinetics 
of a drug delivery platform). Yet, optimization of end-use func-
tion often requires material design considerations which are 
opposed to those of extrudability (in 3D printing this is referred 
to as the printing window).[15,37]

For example, extending the duration of drug release from 
a depot formulation typically requires increasing the degree 
of crosslinking within the PH, thereby increasing viscosity 
sufficiently to preclude injectability. In 3D printing applica-
tions,[4,5,7,16] increasing the PH’s yield stress may be desirable 
to improve the stability of printed objects, but it may also inad-
vertently increase the pressure required to print at comparable 
speeds.

There is an active area of research focused on tuning PH 
composition and structure to elicit a specific end-use func-
tion while retaining the ability for facile extrusion or injecta-
bility.[2,7,15] Here, we define both extrudability and injectability 

as functions of the pressure required to drive the flow of PHs 
through a channel. However, for therapeutic applications, 
we make the distinction that injectability is a comparison 
between the extrusion pressures required for clinical admin-
istration and the pressures that a human can comfortably 
generate. Extrudability is a more general term, encompassing 
the understanding of how the pressure required to drive fluid 
flow is a function of the process and geometrical parameters. 
There is a need for standardized and quantitative bench-
marks by which to establish a PH as “extrudable” or “inject-
able” under application specific constraints. Unfortunately, 
many contributions to date simply demonstrate single PH 
extrusions through arbitrary needle gauges at arbitrary flow 
rates. Without a quantitative benchmark of extrudability, it 
is impossible to predict the relevance of PHs from the litera-
ture across a variety of other applications. Such a limitation 
is detrimental to further advancement of select PHs as the 
route of administration of therapeutic formulations can differ 
greatly (i.e., needle sizes, flow rates, catheters) for different 
indications. With the rapid advancement of novel PH chem-
istries and formulations,[25] it would be greatly advantageous 
to create strategies that allow for rapid determination of PH 
extrudability using rheological information without the need 

Figure 1. a) Material platforms for injectable drug delivery must meet several desired functions to successfully deliver cargo at the target site. Physi-
cally crosslinked hydrogels achieve this by responding to the stresses during extrusion by yielding and shear-thinning into a liquid-like material. The 
physical network then reforms as the dynamic crosslinks associate, creating a localized depot suitable for a variety of cargo delivery applications. b) 
Approaches for determining extrudability of PHs across applications. Model-based design offers clear benchmarks for extrudability, enabling rapid 
material selection without the need for trial-and-error experimentation.
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for costly and time-intensive trial-and-error experimentation 
(Figure 1b).

In this contribution, we focused on developing quantita-
tive property–function relationships by defining benchmark 
design criteria for the flow properties of extrudable PHs. In 
this manner, rheological characterization of a PH would readily 
reveal its extrudability for a range of application constraints, 
including needle geometries, flow rates, and extrusion pres-
sures. Elucidation of target rheological properties a priori can 
enable design-based approaches that can accelerate materials 
discovery efforts.[38–40] This approach is a pillar in the engi-
neering design method, which leverages mathematical models 
to define how variations in material properties will affect phys-
ical phenomena.[38,40,41] Herein, we validate a steady-state flow 
model for the extrusion of shear-thinning PHs to concretely 
establish design benchmarks in the form of Ashby-style plots. 
These plots reveal if a PH is extrudable for a specified set of 
geometrical (i.e., needle diameter) and process conditions (i.e., 
flow rate). These generalizable design constraints eliminate the 
need for extraneous trial-and-error experimentation. Critically, 
we emphasize that applications may impose shear rates above 
3000 s−1 when using high gauge (small diameter) needles and 
highlight the need for collection of rheological data in applica-
tion-relevant shear rate regimes to enable the use of effective 
design strategies.

2. Results and Discussion

In this work, we hypothesized that a steady-state flow model for 
the flow of a power law shear-thinning fluid—if valid for PHs—
would enable improved materials design strategies. While flow 
models can be used for analysis or predictions of the extrusion 
pressure,[37,42–44] a flow model could be used inversely to identify 
the material properties that represent an extrudable PH. This 
approach unveils property–function relationships between the 
rheological properties and extrudability of PHs, which are appli-
cable to any power-law shear-thinning PHs, regardless of chem-
istry and composition. Alginate-based hydrogels and polymer 
nanoparticle (PNP) hydrogels were used as model PHs because 
of their wide applicability, chemical versatility, and distinct 
crosslinking mechanisms. PNP hydrogels rely on multivalent, 
noncovalent interactions between polymers and the surfaces of 
adjacent nanoparticles to create dynamic crosslinks.[8,18,19,45–48] 
Alginate hydrogels form dynamic crosslinks through ionic 
interactions between divalent cations and carboxylate groups on 
alginate’s guluronate residues and are the most commonly used 
biomaterial.[25,49–52] Additionally, most rheological data for PHs, 
regardless of their crosslinking mechanism, have demonstrated 
power-law shear-thinning behavior in shear flow.[30]

2.1. Flow Model

Modeling the flow of shear-thinning fluids is broadly used 
in processing applications in diverse fields to aid in process 
design. Likewise, modeling channel flow of PHs would enable 
the prediction of extrusion pressures from rheological data 
to aid in the design of PHs and extrusion processes using 

PHs. Many PHs exhibit both shear-thinning, whereby vis-
cosity ( �η σ γ= / ) decreases as the shear rate or shear stress is 
increased, and yield stress behaviors.[53–56] Typically, a power 
law is used to describe the relationship between viscosity and 
shear rate where η is the viscosity, K is the consistency index, 
and n is the shear-thinning parameter (Equation (1)).[57]

K n�η γ= −1  (1)

Using a power law to describe the shear rate dependence 
of the PH’s viscosity, the momentum equation for steady-
state pipe flow can be used to derive a relationship between 
the pressure required for extrusion and corresponding flow rate 
(Equation (2)).[58]
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The shear-thinning index (n) and consistency index (K) are 
material property parameters; tube radius (R) and length (l) are 
geometrical parameters; and pressure (P) and flow rate (Q) are 
process parameters. Importantly, this model assumes no-slip 
conditions at the wall of the cylinder, ideal power law behavior, 
no yield stress, negligible boundary effects, and steady-state 
conditions. We found the yield stress could be omitted from 
our modeling approach because the contribution of the yield 
stress to extrusion pressures is negligible under relevant geo-
metrical and process constraints (Table S1, Supporting Infor-
mation). Similarly, we found the contributions to the extrusion 
pressure from flow through the syringe and from the contrac-
tion between the syringe and needle are orders of magnitude 
lower than the contribution from flow through the needle 
(Figure S2, Supporting Information). These contributions were 
also omitted from our modeling approach.

2.2. Imposed Shear Rates for Injectable Drug Delivery and 
Extrusion-Based 3D Bioprinting

Alginate and PNP hydrogels are complex fluids, which dem-
onstrate complex flow behaviors across a broad range of shear 
rates. It is important to clearly identify the stresses and shear 
rates relevant to extrusions and measure the rheological proper-
ties of the PHs within the same regime. The maximum shear 
stresses and rates in pipe flow occur at the wall of the pipe. 
The stress on the fluid at the wall (Equation (3)) is a function 
of the extrusion pressure (Pext), radius (R), and length (l). The 
shear rate at the wall (Equation (4)) for a shear-thinning fluid is 
a function of the flow rate (Q), radius, and shear-thinning para-
meter (n), where n

d Q

d P=1 ln
ln  for a power law fluid.[57] It is impor-

tant to recognize that given the applied pressure, the stress on 
the fluid (Equation (3)) is dependent only on the geometrical 
parameters and not the properties of the fluid. The shear rate 
(Equation (4)), however, is dependent on the shear-thinning 
properties of the fluid.
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Clearly, the stresses and shear rates imposed on the fluid 
during extrusion are dependent on the application and extru-
sion conditions, which can vary greatly across applications. 
Here we focus on translational, injectable drug delivery appli-
cations (e.g., oncology therapies, vaccinations, and diabetes 
treatments) that are preferred to intravenous administration 
because of shorter administration times and overall more com-
fortable patient experience.[59–61] Several oncology therapies 
(e.g., MabThera SC, Rituxan Hycela) are delivered at flow rates 
up to 2.3  mL min−1, while there is interest in pursuing flow 
rates up to 18 mL min−1.[62]

As an example scenario to probe the order of magnitude for 
the shear rates that dominate these clinically relevant flow rates 
in hypodermic needles, we consider a flow rate of 1 mL in 10 s 
(6 mL min−1) and a clinically relevant 27 gauge needle (210 µm 
diameter). Assuming a shear-thinning parameter of 1 (Newto-
nian), the shear rate at the wall of the needle is ≈110 000 s−1. For 
a 30 G needle (159 µm diameter), this shear rate is 253 000 s−1. 
Additional shear rate calculations for various shear-thinning 
parameters, needle diameters, and flow rates are shown in 
Tables S2 and S3 (Supporting Information). These calculations 
are conservative, and the shear rate is greater for PHs with 
shear-thinning parameters less than 1. Nevertheless, these shear 
rates are three orders of magnitude greater than the typical 
shear rates reported for PHs. Figure 2 demonstrates the broad 
range of shear rates for which an extrudable PH is exposed to, 
including those which are generally accessible within rotational 
rheometry limits, relevant to clinical injections, and important 
for 3D printing. Shear rates for 3D printing of biomaterials and 
bioprinting are estimates of the maximum shear rate possible 
at the published resolution to manufacturing times (Table S4, 
Supporting Information).[4] Though shear rates approaching 
1000 s−1 may be rare today, the bioprinting field seeks to accel-
erate printing times and decrease the minimum feature size. 
One route to achieve this may be through the increase in extru-
sion flow rates and miniaturization of the printing needles. 

Predictions of the extrusion pressure for a given hydrogel in 
a prescribed extrusion configuration (i.e., needle length and 
diameter) rely on accurate materials parameters and it is nec-
essary to measure the rheological behavior of PHs within the 
same range of shear rates that are relevant to their intended 
application.

2.3. Rheology of Alginate and Polymer-Nanoparticle Hydrogels

PNP hydrogels were formulated with 1 or 2  wt% of dodecyl-
modified hydroxypropylmethylcellulose (HPMC-C12) and 0 or 
5  wt% poly(ethylene glycol)-b-poly(lactic acid) NPs, which are 
denoted as 1:0, 1:5, 2:0, and 2:5 (polymer wt%:NP wt%). Algi-
nate formulations include 2 wt% alginate and 0, 5, 10, or 15 × 
10−3 m calcium sulfate (CaSO4), denoted as 0, 5, 10, and 15  × 
10−3 m alginate formulations.

Both alginate and PNP hydrogels have been shown to dem-
onstrate yielding and shear-thinning behavior above a threshold 
concentration of crosslinking moieties.[8,18,19,63] The addition of 
physical crosslinks between the polymer chains creates a struc-
ture which must yield before flow commences. For hydrogels 
that demonstrate yielding, there is a solid-like response below 
the apparent yield stress for which the material will not flow, 
and a transition to flow once the yield stress is surpassed.[56] 
Flow curves for PNP hydrogels are shown in Figure 3a and for 
alginate hydrogels in Figure  3b. Since these materials often 
possess a yield stress, measurements were collected with an 
imposed shear stress to capture preyield and yielding behavior 
as suggested by Barnes.[64] The stress sweep is followed by an 
imposed shear rate sweep from 1 to 100 s−1 to measure the flow 
behavior of the hydrogels. Figure 3ai,bi shows viscosity versus 
stress where the yielding phenomena is clearly observed as 
the viscosity drastically decreases by orders of magnitude for 
a small increase in stress. For PNP hydrogels (Figure  3ai, a 
sharp decrease in viscosity was observed between 10 and 20 Pa 
for the 1:5 formulation and 40–60  Pa for the 2:5 formulation. 
As expected for formulations without crosslinking and no 
structure to yield, continuous flow curves and no yield stress 
were observed for HPMC-C12 solutions (e.g., 1:0 and 2:0). For 

Figure 2. Possible shear rate limits for various processes and characterization techniques. Shear rates a) observed in injection/extrusion applications 
may exceed b) those readily measured with rotational rheometry.
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alginate hydrogels (Figure  3bi), a sharp decrease in viscosity 
was observed between 10 and 13 Pa for 10 × 10−3 m CaSO4 and 
17 and 20 Pa for 15 × 10−3 m CaSO4. Formulations with 5 × 10−3 
and 0  m CaSO4 did not form hydrogels and no yield stress 
was observed. Small amplitude oscillatory shear measure-
ments for these materials are shown in Figure S4 (Supporting 
Information).

As expected for PHs, the viscosity shown in Figure  3ii is 
shear-thinning for both PNP and alginate materials. Viscosity 
measurements were performed across five orders of magni-
tude to capture the behavior of the PHs at rest and under the 
conditions expected during extrusion through small diam-
eter needles. Measurements were performed with a rotational 
rheometer up to a shear rate of 3000  s−1 and with a viscom-
eter thereafter. Samples were ejected from the geometry in the 
rotational rheometer at shear rates above 3000 s−1. As shown in 
Figure  2, a viscometer is often the recommended method for 
measuring a material’s viscosity at high shear rates, eliminating 
the need for ad hoc corrections and the experimental chal-
lenges in a rotational rheometer.[57,65] Viscosity measurements 
were performed with 1 in., 27 gauge needles (210 µm diameter) 
at flow rates between 0.25 and 6 mL min−1. The pressure and 
flow rate data for each extrusion were converted to the stress at 
the wall (Equation (3)) and shear rate at the wall (Equation (4)) 
to calculate the viscosity ( � �η γ = σ

γ( )wall
wall

wall
). For Equation (4), d Q

d P

ln
ln  

was calculated using a best fit polynomial to ln Q versus ln P, 
measured from the series of extrusions (n > 5). The derivative 
of the polynomial was calculated for each extrusion to approxi-
mate d Q

d P

ln
ln .

For both PNP and alginate hydrogels, the addition of 
crosslinking moieties increases the apparent viscosity dra-
matically at shear rates up to 100  s−1. However, the difference 
between the viscosities of the polymer solution controls and the 
physically crosslinked hydrogels goes to zero as the shear rate 
is increased, where the viscosity of the crosslinked hydrogels 
approaches the viscosity of the non-crosslinked polymer solu-
tions alone.

Material parameters n and K, shown in Table 1, were deter-
mined by fitting the flow portion (post yield) of viscosity versus 
shear rate data to a power law model (Equation (1)). The fits 
were performed in the low shear rate range 1–100 s−1 and in the 
high shear rate range between 103 and 105 s−1. The low shear 
rate range is the most commonly reported for PHs, while the 
high shear rate range is the operative range for injectable drug 
delivery applications at clinically relevant flow rates. The shear-
thinning parameter ranges from 0 to 1, where 1 corresponds to 
a Newtonian (shear rate independent) viscosity.

The power law response measured at high shear rates is 
significantly different than the power law response measured 
at shear rates in the range of 1–100 s−1. The polymer solution 

Figure 3. Rheology of physically associated a) polymer nanoparticle (PNP) hydrogels and b) alginate-Ca+ hydrogels. Rheological data for PNP and 
alginate hydrogels is plotted as i) viscosity versus stress to highlight the yield stress and transition to a flow regime and ii) viscosity versus shear 
rate showing drastic shear-thinning behavior. Data shown in (ii) was measured with a rotational rheometer up to a shear rate of 3000 s−1 and with a 
viscometer thereafter.
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controls were more shear-thinning in the high shear rate 
regime ( �γ  > 1000 s−1) than in the low shear rate regime (1 s−1 < 
�γ   <  100 s−1). Gel-like formulations demonstrated extremely 
low shear-thinning parameters (n < 0.3) at low shear rates that 
increased significantly at higher shear rates from 0.15 to 0.31 
for the 2:5 PNP hydrogels and from 0.29 to 0.42 for 15 × 10−3 m 
alginate hydrogels. We hypothesize that the increase in shear-
thinning parameters at high shear rates is a consequence of 
further disrupting physical interactions within the hydrogels, 
resulting in a very broad yielding transition before simple 
power-law shear-thinning is observed. Relatively broad yielding 
transitions have been reported for polymers as the number of 
physical interactions increases, while sharp yielding transitions 
are observed for colloidal particle systems.[64,66]

2.4. Model Predictions of Extrusion Pressures

The flow model shown in Equation (2) was validated for shear-
thinning hydrogels by comparing experimental measurements 
of extrusion pressures to model predictions using rheological 
data. Specifically, the assumption of ideal power law behavior 
at high shear rates relevant for injection or extrusion needed 
robust validation on account of the complex rheological 
behavior of PHs shown in the literature.[38,67–70]

Extrusion pressures were measured for both alginate and 
PNP hydrogel materials extruded through 1 in. long, 30 gauge 
(R = 79.5 µm) needles using a commercial syringe pump with 
an attached load cell. The forces required to drive fluid flow 
were measured with the load cell and converted to pressures 
by normalizing by the cross-sectional area of the syringe barrel 
(Pext  =  F/Asyringe). Extrusion pressures were measured at flow 
rates in the range of 0.25 and 6  mL min−1 and are shown in 
Figure S6a (Supporting Information) for PNP hydrogels and 
Figure S6b (Supporting Information) for alginate hydrogels. 
Model predictions of the pressure for these extrusion con-
ditions (geometry, flow rate) were made with Equation (2) 
using the material property parameters from rheology (K,  n) 
(Table 1).

To highlight the importance of measuring the rheological 
behavior of PHs within the appropriate shear rate regime, 
model predictions were performed with fits to both the low 
and high shear rate regimes. Figure 4i compares the predicted 
extrusion pressures to the experimentally measured extrusion 
pressures (Figure S6, Supporting Information) using the power 
law fitting parameters from the low shear rate regime. With 
parameters from the low shear rate regime, the model fails to 
accurately predict the extrusion pressure for both alginate and 
PNP hydrogels. The model predictions overpredicted the extru-
sion pressures for HMPC-C12 and alginate solutions (i.e., no 
crosslinkers) and underpredicted the extrusion pressures of the 
PNP hydrogels and alginate hydrogels (i.e., with crosslinkers). 
Shear-thinning parameters of 0.15 observed in 1:5 and 2:5 
hydrogels are significantly lower than those for typical polymer 
solutions and are likely a fingerprint of yielding since yielding 
events would be observed as a shear-thinning parameter of 
zero.[71]

Figure 4ii compares the predicted extrusion pressures to the 
experimentally measured extrusion pressures using the power 
law fitting parameters from the operative shear rates of the 
extrusion. The model provides greatly improved predictions 
of the extrusion pressure when using the appropriate rheolog-
ical data (residuals shown in Figure S3, Supporting Informa-
tion). Furthermore, the agreement between the model shown 
in Equation (2) and extrusions of PNPs and alginate hydrogels 
validates the use of a simple power-law shear-thinning model. 
This agreement suggests that the flow properties alone are a 
good first-order approximation for predicting the flow of a PH, 
despite their complex rheological behavior.

2.5. Modeling Extrudability for Materials Selection and Design

It is impossible to generally define a PH as extrudable without 
a precise definition of geometrical and process constraints. 
Using a validated flow model and complete flow curve, the 
extrusion pressure of a power-law shear-thinning PH can be 
predicted using Equation (2) for a given flow rate, pipe radius, 
and pipe length. Extrudability is then determined by com-
paring the calculated pressure to the allowable pressure in a 
given application (e.g., the pressure applicable by the average 
healthcare professional). This approach allows for determining 
the extrudability of PHs in arbitrary geometrical or process con-
ditions (i.e., printhead, catheter, needle) without the need for 
costly trial-and-error experiments for each scenario.

Alternatively, a more comprehensive approach whereby a 
space of all acceptable viscosities for a variety of applications is 
possible. Instead of modeling one set of shear-thinning param-
eters for a PH to determine its extrudability, it is possible to 
define performance requirements (i.e., Pmax, Qmin) to calculate 
a subset of shear-thinning parameters for a span of extrusion/
injection geometries. This method is a pillar of the engineering 
design process where performance constraints are defined, and 
a range of material parameters is determined to facilitate mate-
rial selection.[38,40] Often Ashby-style plots providing compari-
sons between material properties are used in the selection pro-
cess to identify which materials possess the necessary combina-
tion of material parameters. For a power law fluid, it is possible 

Table 1. Power law fits for alginate, HPMC-C12, and respective hydrogels. 
2 wt% alginate hydrogels with indicated Ca+ concentration (× 10−3m). 
PNPs denoted as wt% HPMC-C12: wt% NPs. K is the consistency index 
(Pa sn) and n is the shear-thinning parameter. Power law fits for shear 
rates in the range of 1–100 s−1 ( )low�γ  and 4 × 103 to 200 × 103 s−1 ( )high�γ .

low�γ high�γ

K [Pa sn] N K [Pa sn] n

Alginate [CaSO4] [× 10−3m] 0 0.03 0.89 0.27 0.66

5 0.12 0.74 0.24 0.69

10 11.02 0.26 2.40 0.50

15 16.09 0.29 7.88 0.42

PNPs polymer:NPs [wt%:wt%] 1:0 0.25 0.87 7.54 0.39

1:5 27.37 0.15 5.96 0.44

2:0 1.91 0.83 9.93 0.44

2:5 91.03 0.15 60.03 0.31
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to write Equation (5) for the consistency index as a function of 
shear-thinning parameter to be used with Ashby-like plots to 
identify material parameter combinations of n and K that cor-
respond to a truly “extrudable” PH.

K
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Q
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n

n nπ
≤

∗










 +





2 3 1

max
max

3

min
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In a simple example, we consider the applicability of alginate 
and PNP hydrogels in two injection scenarios using a 95 mm 
long, 1 mL syringe. The first scenario is subcutaneous injection 
using a 1 in. long, 27 gauge needle while the second scenario 
is catheter delivery via a 1 m long, 27 gauge catheter. We define 
injectability as the capability of reaching a flow rate of 1  mL 
per 10 s (6 mL min−1) at a maximum pressure of 2.6 MPa. The 
maximum pressure (P F Rπ= /max max syr

2 ) was determined by con-
sidering the force applicable by a person applying great effort, 
50 N,[44,72] and the cross-sectional area of a 1 mL syringe with a 
diameter of 5 mm. Figure 5a is an Ashby-style plot of the con-
sistency index versus the shear-thinning parameter where Equa-
tion (5) is shown for both scenarios. Equation (5) delineates a 
boundary below which are allowable shear-thinning parameters 
for which the injection pressure will not surpass the maximum 
applicable pressure. Using this analysis method, it becomes 
apparent that these formulations of alginate and PNP hydro-
gels are injectable at 6 mL min−1 through a 27 gauge, 1 in. long 
needle but are not injectable in a 27 gauge, 1 m long catheter.

For injectable drug delivery applications, especially those 
intended for patient use, it is important to consider relation-
ship between the syringe selection and the maximum force 
applicable by a person.[44] The maximum pressure a person 
can apply depends heavily on the cross-sectional area on 
which force is applied. The maximum pressure generated by 
a person in a 1  mL (5  mm diameter) syringe is 2.6  MPa but 
the maximum pressure generated in a 5  mL (12  mm diam-
eter) syringe is 442  kPa. This has a significant impact on the 
injectability of PHs in human driven injections. Equation (5) 
is plotted in Figure 5b for a flow rate of 6 mL min−1 in a 1 in. 
long, 30 gauge needle for both 1 and 5 mL syringes. Figure 5b 
shows the dramatic effects of syringe selection on injectability 
criteria, whereby these formulations are injectable using a 1 mL 
syringe but are not injectable using a 5  mL syringe. Beyond 
these examples, Equation (5) is incredibly useful for investi-
gating the scaling relationship between geometrical and pro-
cess constraints on acceptable material parameter combina-
tions (Figure S7, Supporting Information). We envision that it 
will be a useful tool for designing future 3D printing processes 
and injectable drug delivery administration strategies to accom-
modate the diverse set of PHs.

2.6. Design Rules for Injectable Biomaterials

Designing an injectable biomaterial is typically constrained 
by many performance requirements which are often directly 

Figure 4. Flow predictions for a) PNP hydrogels and b) alginate hydrogels showing: i) predictions with material parameters from a power law fit to low 
shear rate data and ii) predictions with material parameters from a power law fit to shear rate data within the operative range. Experimental pressures 
from steady-state flow experiments, shown in Figure S6 (Supporting Information). Line with a slope of one is included to delineate a perfect prediction.
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opposing, as shown in Figure  1a. For example, both settling 
prevention and prolonged drug delivery benefit from a high 
viscosity while injectability necessarily requires a low viscosity. 
However, we highlight a key distinction where drug delivery 
and settling prevention depend on material properties in a 
static, nondeformed state and injectability depends on the 
viscosity at high shear rates in the range of 104–105  s−1. We 
have shown with PNP and alginate hydrogels that the mate-
rial response in each regime is indeed disparate across high 
and low shear rate regimes. The presence of an apparent yield 
stress for these PHs readily delineates solid and fluid regimes 
that are operative at different deformation amplitudes. For 
PNP hydrogels in flow, the low shear rate viscosity is increased 
by three orders of magnitude with the addition of 5 wt% NPs 
to HPMC-C12. As the shear rate surpasses 103 s−1, the viscosity 
for each polymer solution approaches the same magnitudes 
regardless of particle concentration. The same trend was dis-
covered in alginate PHs where the apparent viscosity at lower 
shear rates increased by three orders of magnitude with the 
addition of CaSO4 exceeding 10  × 10−3 m concentrations. At 
high shear rates, the sensitivity to CaSO4 decreased dramati-
cally. These observations highlight that it is possible to engi-
neer materials exhibiting desirable material properties across 
distinct process regimes, whereby a hydrogel can be solid-like 
with a robust yield stress but maintain injectability provided 
the viscosity is sufficiently low at the injection-relevant shear 
rates. Efforts should focus on creating PHs with independently 
tuned rheological properties in the high and low shear rate 
regimes.

3. Summary and Conclusions

This work validates the applicability of a flow model for 
a power-law shear-thinning fluid and uses it to quantita-
tively define extrudability. Most importantly, it establishes 
a method for determining the extrudability of PHs from 

appropriate rheological data, eliminating the need for trial-
and-error experimentation. It is shown that labeling some-
thing as “injectable” or “extrudable” requires a description 
of the intended geometrical configuration, applicable pres-
sures, and intended flow rates in addition to the rheological 
properties of the PH. Ashby-style plots were used to con-
dense this information into one plot to clearly demonstrate 
the extrudability of PHs across several scenarios. We vali-
date our approach using two chemically and physically dis-
tinct PHs—including polymer-nanoparticle hydrogels and 
calcium-alginate hydrogels—and expect that other power-law 
shear-thinning PHs should obey the same property–func-
tion relationship regardless of chemical composition. The 
viscosity for both PHs exhibited drastic power-law shear-thin-
ning at shear rates below 100 s−1 and a distinctly different and 
more moderate shear-thinning response at shear rates above 
3000  s−1. Given this observation, we emphasize the critical 
need for comprehensive rheological characterization of PHs 
in shear rate regimes that are pertinent to the applications 
of interest, which can exceed 3000 s−1. These data are scarce 
in the literature and without them it is impossible to accu-
rately model the extrudability of PHs at clinically relevant 
flow rates, making it impossible to determine their appli-
cability across applications and precluding the engineering 
design process.

This contribution is a critical first step toward creating 
quantitative material benchmarks through property–func-
tion relationships for PHs. We have focused on modeling the 
extrudability of PHs but have not yet addressed the transition 
between extrusion and end-use function. Furthermore, while 
our approach demonstrated excellent predictive capabilities, 
we have assumed negligible effects of thixotropy, wall slip, 
extensibility, and syringe needle configurations different from 
those shown here. While our model will remain a good first-
order approximation for the extrudability of most power-law 
shear-thinning PHs, consideration of these phenomena may be 
critical for some PHs.

Figure 5. Ashby-style coplots for alginate and PNP hydrogels. Regions to the left of boundary lines are material property combinations representative 
on an injectable PH. a) Design boundary limits for a 1 mL syringe (Dsyr = 5 mm) and 6 mL min−1 flow rate (Q). Alginate and PNPs are injectable in a 
27 gauge, 1 in. needle but are not injectable in a 27 gauge, 3 ft catheter. b) Design boundary limits for a 30 gauge, 1 in. needle and flow rate of 6 mL 
min−1. Alginate and PNPs are injectable using a 1 mL syringe but not a 5 mL syringe (Dsyr = 12 mm).
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