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Abstract
During extrusion-based bioprinting, the depositedbioinkfilaments are subjected to deformations, such
as collapse of overhangingfilaments,which compromises the ability to stack several layers of bioink, and
fusionbetween adjacentfilaments, which compromises the resolution andmaintenance of a desired
pore structure.Whendevelopingnewbioinks, approaches to assess their shapefidelity after printing
would be beneficial to evaluate the degree of deformationof thedepositedfilament and to estimate how
similar thefinal printed constructwould be to thedesign.However, shapefidelity has beenprevalently
assessedqualitatively through visual inspection after printing, hampering the direct comparisonof the
printability of different bioinks. In this technical note,wepropose a quantitative evaluation for shape
fidelity of bioinks based on testing thefilament collapse on overhanging structures and thefilament
fusionof parallel printed strands. Both testswere applied on a hydrogel platformbased onpoloxamer
407 andpoly(ethylene glycol)blends, providing a library of hydrogelswith different yield stresses. The
presented approach is an easyway to assess bioink shapefidelity, applicable to anyfilament-based
bioprinting systemand able to quantitatively evaluate this aspect of printability, based on thedegree of
deformationof the printedfilament. In addition,webuilt a simple theoreticalmodel that relatesfilament
collapsewith bioink yield stress. The results of both shapefidelity tests underline the role of yield stress as
one of the parameters influencing theprintability of a bioink. Thepresentedquantitative evaluationwill
allow for reproducible comparisons between different bioinkplatforms.

1. Introduction

Biofabrication is a rapidly growing field that aims to
develop sophisticated constructs for tissue regenera-
tion and in vitro models through bioprinting or
bioassembly of living cells and biomaterials [1, 2].
These approaches hold the potential to achieve func-
tional tissue constructs by replicating the complex
architecture and organization of native tissues [3, 4].
As such, precise placement of cells and materials and
the resulting construct shape fidelity are fundamental
parameters.

Among several biofabrication techniques, extru-
sion-based bioprinting of cell-laden hydrogels is one
of the most widely explored techniques. Using differ-
ent extrusion methods, i.e. pneumatic or mechanical
via piston or screw-driven systems, it is possible to
print a wide range of materials to create constructs
with high cell densities [5–7].

The printed filaments are the elemental building
blocks in extrusion-based 3D bioprinting and their
formation is thus a critical step in the bioprinting
process. Besides appropriate hardware and software,
accurate and controlled filament deposition requires
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careful selection of the bioink according to its rheolo-
gical properties. Ideally, a hydrogel for printing should
display shear thinning behavior, that is, its viscosity
decreases with increasing shear rate [7]. Equally
important is the presence of yield stress and quick
recovery kinetics, so the polymer behaves as a non-vis-
cous liquid during extrusion and a shape stable gel is
quickly formed after deposition [6].

However, the design of high-performance-bioinks
is a challenging task, since there needs to be a compro-
mise between adequate rheological properties to
maintain shape fidelity of a printed construct andmat-
erial biocompatibility that allows the proliferation,
differentiation and biosynthetic activity of cells or tis-
sue [6]. Therefore, when experimenting with a new
bioink, its printability should be carefully evaluated in
order to assess physical deformation of the deposited
filament, predict shape fidelity of the printed structure
and gain control over precise filament deposition on
the printing plane. Despite the need for and impor-
tance of evaluation, there is no consensus on approa-
ches to assess or predict shape fidelity, let alone
printability.

Although in the field of bioprinting the termprint-
ability is not univocally defined, for the purpose of this
study we refer to this property as the possibility to
extrude a hydrogel, and dispense it in a pattern with a
satisfactory degree of shape fidelity, the latter indicat-
ing how the printed structure is matching the original
CAD design. As such, shape fidelity is a key aspect of
printability, and its standardized and quantitative
description would significantly aid the development of
newbioinks.

To date, shape fidelity has predominantly been
determined from visual qualitative evaluation of either
extruded filaments [8] or printed structures from
macro- and microscopic images [9–17]. Although
these approaches for post hoc evaluation provide a first
impression on the resolution of the printed outcome,
they are highly subjective and exclusive to the gels
being studied. Therefore, they do not allow for proper
comparison between different bioinks or even
between studies involving the same bioink. This lack
of comparability underscores the need to establish a
reproducible universal testing methodology, which
could be used to assess the ability to retain the
designed shape.

Some progress towards a reproducible and quanti-
tative testing methodology has recently been made.
For instance, Ouyang et al proposed a method based
on circularity of pores in the lattice of constructs prin-
ted with a 0°–90° lay-down pattern. In this case, low
pore circularity was used as an indicator of higher
printability, as the produced pores are closer to the
shape of the design [18]. Such outcome, however, only
deals with one component of shape fidelity, which is
the resolution in the x–y plane and does not take
deformation of the printed filament due to sagging of

overhanging structures as well as the role of rheologi-
cal properties in account.

Bioinks are generallymechanically soft and viscoe-
lastic in nature. As a consequence, during the bioprint-
ing process a deposited bioink filament is subjected to
deformations. More specifically, sagging or collapse of
the suspended filaments can occur due to the viscoe-
lastic behavior of the soft material [19]. In addition,
pore closure can occur due to fusion between adjacent
filaments after printing [18, 20]. The two main forces
underlying these phenomena are gravity, leading to
overall loss of structure due to compression or sagging,
and surface tension, causing filaments to adopt shapes
thatminimize surface area [21].

Therefore, in this technical note an approach to
evaluate bioink shape fidelity is presented through two
quantitative tests based on filament deformation after
printing: (i) filament collapse, assessing the deflection
and collapse of a suspended filament, and (ii) filament
fusion, assessing resolution of the printed filaments in
the x–y plane. To demonstrate the functionality of the
proposed tests, gels based on poloxamer 407 were
selected as reproducible model bioink, as these gels
exhibit excellent properties for 3D printing [22–27].
Specifically, a small hydrogel library of gels having dif-
ferent yield stresses was generated by blending polox-
amerwith poly(ethylene glycol) (PEG).

Moreover, we aimed to highlight the relationship
between the results of the proposed tests and the
hydrogel rheological properties and shape fidelity. For
instance, it was recently demonstrated that high yield
stress, in combination with a fast drop in viscosity by
shear thinning during extrusion, leads to optimal
printability in gelMA/gellan gum bioinks [28]. There-
fore, we propose a simple theoreticalmodel in order to
predictfilament collapse directly from yield stress.

2.Materials andmethods

2.1.Hydrogels preparation
Poloxamer gels were prepared by adding poloxamer
407 (poloxamer, Sigma Aldrich) and (PEG, Mn=
10 kDa, Sigma Aldrich) to phosphate buffered saline
solutions (pH 7.4). These were left to dissolve under
mild agitation at a temperature of 4 °C for 48 h. To
enable visualization and imaging of the hydrogels, two
different colored gels were prepared for each formula-
tion by adding either 0.1 wt% tartrazine (E102, Sigma
Aldrich) yellow food dye or 0.1 wt% new coccine
(E124, Sigma Aldrich) red dye. These hydrogels were
prepared in concentrations ranging between 20% and
30%. Total polymer concentration was kept at 30% by
substituting the decreasing amount of poloxamer with
PEG and yield stress was recorded for each solution.
The yield stress could not be determined for solutions
with PEG concentrations above 4%, indicating
that these solutions did not form a gel at room
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temperature. For this reason, the 20% poloxamer
sample was not supplemented with PEG, and the
solutions used in the presented shape fidelity tests are,
according to the concentration of poloxamer/PEG:
30%, 29/1%, 28/2%, 27/3%, 26/4%and 20%.

2.2. Rheological evaluation
Yield stress measurements were performed on a
DHR2 rheometer (TA Instruments, TheNetherlands),
equipped with a stainless-steel cone/plate system
(40 mm diameter, 2° cone angle and truncation gap of
54 μm). Samples were equilibrated at a temperature of
21 °C for 10 s, followed by exposure to shear flow peak
hold at a rate of 300 s−1 for 10 s to simulate shear in a
3D printer nozzle. Viscosity was recorded during flow
peak hold and measured as the average viscosity of
10 points. Subsequently, samples were subjected to an
oscillatory stress sweep ranging from 10 to 1000 Pa, at
a frequency of 1 Hz. Storage (G′) and loss modulus
(G″) were recorded during oscillatory stress sweep,
and yield stress was defined as the crossover point
between G′ and G″ and determined by interpolation
using TRIOS software (TA Instruments). Each mea-
surementwas performed three times.

2.3. Filament collapse test
The filament collapse test is based on work by
Therriault et al where the mid-span deflection of a
suspended filament of organic inks was assessed [19].
A platform with pillars (l×w×h=2.0×2.0×
4.0 mm) placed at known gap distances (1.0, 2.0, 4.0,
8.0 and 16.0 mm) between each other was designed
(CAD file in supplementary info is available online at
stacks.iop.org/BF/10/014102/mmedia), and con-
structed on a Perfactory Mini digital light projection
3Dprinter (Envisiontec, Germany) using a proprietary
PIC100 resin. Over these gaps a single gel filament was
deposited (g-code in supplementary info) using a 3D
Discovery bioprinter (RegenHU, Switzerland), while
the process was recorded using a USB microscope
(Bresser, Germany) at a magnification of 20×, a frame
rate of 30 fps and a resolution of 640×480 pixels.
Gels were loaded at 4 °C into 3 ml syringe barrels
(Nordson EFD, UK) and extruded using a 23 Gauge
straight metal nozzle (Nordson EFD) having an inner
diameter of 0.33 mm. To ensure an average filament
diameter of around 0.3 mm throughout all samples,
the deposition speed was fixed at 6 mm s−1 and air
pressure was adjusted correspondingly for each differ-
ent concentration (20%–60 kPa; 26/4%–70 kPa;
27/3%–90 kPa; 28/2%–120 kPa; 29/1%–130 kPa;
30%–160 kPa). The nozzle-tip was placed at 0.3 mm
above the top surface of the pillars and the print path
extended until 10 mmafter the last pillar.

The deflection of the filament was quantified by
measuring the angle of deflection θ at the edge of
the suspended filament from video stills using FIJI

software (version 1.51k, NIH, USA) at time t=0 s
and t=20 s after deposition of the whole filament, as
no apparent deformation occurred after that time
point. Angle θ was plotted against half the spanning
distance L for stills obtained at t=20 s. The plotted
points represent the mean with standard deviation for
3 repetitions of the test for each formulation.

2.4. Filament fusion test
The filament fusion test consists of printing three
layers of a meandering pattern composed of parallel
strands at increasing spacing. To facilitate visualiza-
tion, the first and second layer were printed with
yellow-stained hydrogels, while the third with the red-
stained ones. Measurements were performed on this
third layer to avoid unwanted gel spreading caused by
the glass surface and its associated surface tension. The
pattern starts at a filament distance of 0.25 mm,
increases 0.05 mm for each subsequent line, and
finishes at the distance of 0.55 mm (g-code in supple-
mentary info). To ensure an average filament diameter
of around 0.30 mm throughout all samples, the
deposition speed was fixed at 13 mm s−1 and air
pressure was adjusted for each concentration (20%–

80 kPa; 26/4%–90 kPa; 27/3%–120 kPa; 28/2%–

150 kPa; 29/1%–170 kPa; 30%–200 kPa). This change
in the deposition speed compare to the suspended
filament test was applied to account for the difference
in the printing substrate between the two tests. Other
printing settings were identical to those in the
suspended filament test. Top-down pictures were
obtained using a stereo microscope (Olympus SZ61,
magnification 4.2×, resolution 2040×1536 pixels)
directly after printing, as no apparent deformationwas
observed at this time point. The length of the fused
filament at the top and bottom edges of the mean-
dering pattern was measured using FIJI software, and
plotted for each filament distance. The plotted values
represent the mean of measurements over 3 repeti-
tions of the test for each formulation.

2.5. Theoreticalmodel forfilament collapse
In order to correlate yield stress with the outcome of
filament collapse, a simple predictive model was
created. After 20 s of printing, it is assumed that
deformation is negligible and the forces acting on the
filament reached an equilibrium. Assuming that the
cross-sectional area of the filament maintains con-
stant, the equation of equilibrium can bewritten as,

+ =s ( )F F 0, 1g

where Fg represents the gravitational force and sF the
force resulting from the material resistance to yield.
Looking at the equilibrium in the vertical direction,
the equation (1) can be rewritten as,

q- =s ( )F F sin 0, 2g
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where q is the angle of deflection of the filament with
the horizontal direction. Therefore, considering the
forces are being exerted on an infinitesimal volume
element dV , equation (2) takes now the form,

d d
q- =s ( )

F

V

F

V
sin 0. 3

g

The angle of deflection q can then be related with
the stresses acting on the volume dV by,

d d
q- s ( )

mg

V

F

A L.
sin , 4

where m is the filament mass, L the distance from the
edge of the pillar to the midpoint of the suspended
filament, and dA an infinitesimal cross-sectional area
of thefilament. Equation (4) can be rewritten as,

q
r
s

= -
⎛
⎝⎜

⎞
⎠⎟ ( )

gL
sin , 51

yield

where r is the density of the material, which is
approximately 1020 -kg m 3 for the poloxamer 407
samples prepared, g is the gravitational acceleration,
which is approximately 9.8 -m s ,2 and syield denotes
the yield stress of the hydrogel.

2.6. Statistics
Data are presented as mean±standard deviation.
To assess statistical significance of differences in yield
stress, viscosity, filament fusion and collapse tests
the distribution of values for both quantities was
assumed to be normal, and a two-way ANOVA
was performed at a significance level of p=0.05.
This was followed by post hoc Tukey’s test to find
statistical significant differences between the values
of yield stress and viscosity for the different polox-
amer/PEG concentrations.

3. Results

3.1. Rheological properties
The rheological analysis showed that a decrease in the
concentration of poloxamer 407 with subsequent
increase in the concentration of PEG led to a decrease
in both viscosity and yield stress (figure 1(a))—
between 30% and 20%, there was approximately a
3-fold decrease in viscosity and a 4-fold decrease in
yield stress. Analogously, the elastic modulus G′
plateau also followed the same trend as viscosity and
yield stress, although theG′ plateau in the 20% sample
was higher than the one obtained for the 26/4%
sample (figure 1(b)).

3.2.Qualitative assessment of shapefidelity
When a simple qualitative visual inspection was
performed, the differences between the design
(figures 2(a)–(c)) and the printed constructs became
clear, with special attention to differences in lateral
porosity caused by collapse of overhanging filaments
and to differences in the shape of the pores in the x–y
plane. The difference in shape fidelity was apparent
when porous constructs were produced with a hydro-
gel with high yield stress, i.e. the 30% poloxamer
(figures 2(d)–(f)), and a hydrogel with a lower yield
stress, i.e. the 20%poloxamer (figures 2(g)–(i)).

3.3.Quantitative assessment of shapefidelity
3.3.1. Filament collapse test
The filament collapse test (figure 3(a)) revealed that
filament sagging increased as the gap length increased,
as observed by the increase in the deflection angle θ.
Further, an increase in the concentration of poloxamer
and, consequently, an increase in yield stress, led to a
decrease in sagging (figures 3(b) and (c), and supple-
mentary videos 1 and 2).

For each condition, a linear regression was per-
formed. The resulting linear regression plots of the

Figure 1. (a)Yield stress and viscosity for poloxamer hydrogels with different contents of poly(ethylene glycol) (PEG), showing the
decrease in both viscosity and yield stress as poloxamer is gradually replaced by PEG. Both yield stress and viscosity are represented as
themeanwith standard deviation. The * represents statistical significance at a significance level of p=0.05. (b) Storage (G′) and loss
(G″)moduli as functions of applied oscillatory stress (σ) for the samples studied.
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different concentrations demonstrated that with
increasing concentration, i.e. yield stress, the slope of
each line decreased (figure 3(c)).

To further relate yield stress with the collapse of
filaments, the deflection angle for each gap distance
was calculated using the theoretical model represented
in equation (5) and the resulting theoretical values
were compared with the ones obtained experimentally
(figure 3(c)). Although the model overestimated the
angle of deflection, the slope of the regression lines for

the theoretical values followed the same trend as the
experimental ones.

3.3.2. Filament fusion test
Toassess the effect offilament fusion andpore closure for
each gel concentration, the fused segment length fs was
measured at eachfilament distance fd (figures 4 and 5). In
order to discard the effect of filament thickness (ft)
variation between different concentrations of poloxamer,

Figure 2.Differences in shape fidelity of a lattice construct among design (a)–(c), 30%poloxamer (d)–(f), and 20%poloxamer (g)–(i).
Scale bar is 1 mm.
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fs was normalized by dividing it by the average ft in each
sample.

This test was initially performed with one layer of
hydrogel deposited directly on the glass substrate
(figure 4). In order to circumvent the influence of the
glass surface on the wetting behavior of the gel, mea-
surements were subsequently done on a third layer
deposited on top of the gel (figure 5).

As fd decreased, an increase in fs was observed for all
samples. Fitting of the data suggested a nonlinear inverse
relation between the fused segment length fs and the
filament distance fd. Among the different poloxamer/
PEG concentrations, fs tended to increase at higher
values of fd for lower concentrations of poloxamer. This
increase in fs could be observed macroscopically when
comparing the printed meandering patterns between
the different poloxamer/PEG concentrations, as the
points where the pores closed, highlighted with the blue
lines in figures 4(b) and 5(b), also revealed a similar
trend to theone plotted onfigures 4(c) and5(c).

4.Discussion

In this study, a versatile strategy for testing and
characterizing the shape fidelity of bioinks for extru-
sion-based biofabrication was introduced, consisting
of a toolbox of experiments that can be easily adopted
formultiple hydrogel formulations.

The assessment of printability during the develop-
ment of new bioinks has mainly been performed by
qualitative visual inspection of printed constructs.
Such observation is a quickway to establish the relative
shape fidelity and distinguish results for different con-
centrations of a gel formulation. However, this quali-
tative inspection does not allow for reproducible
comparisons between different hydrogels. Although
visual differences are also clear between the 20%
and 30% poloxamer hydrogels in this study, they
weremacroscopically less obvious for the intermediate
poloxamer/PEG concentrations. Nevertheless, the
results of the tests presented in this technical
note reproducibly showed clear differences in shape
fidelity between the different concentrations of the
hydrogel system.

For the filament collapse test, the angle of deflec-
tion decreased with increasing poloxamer concentra-
tion. This trend can be explained by the increase in
hydrogel yield stress along with storage modulus,
which made the hydrogel filaments more resistant to
deformation from collapse. The deformation of the
suspended filaments was initiated by the weight of the
material. Nonetheless, surface tension and viscoelasti-
city of the gel counteract the deformation caused by
gravity [21]. This may have led to the overestimation
of the angle of deflection by our simplified model, as it
only takes into account the force of gravity and yield
stress of the hydrogel.

Figure 3. (a) Schematic illustration of thefilament collapse test, based onTherriault et al [19]. Thefilament (yellow) is suspended over
two supporting pillars (orange) placed at different gap distances. Fg indicates the force of gravity, sF indicates the force resulting from
thematerial resistance to yield, L is the distance from the edge of the pillar to themidpoint of the suspendedfilament and θ stands for
the deflection angle at the point wherefilament and pillarmeet. (b)Photographs showing thefilament appearance (yellow) of different
poloxamer gel compositions on the supporting beam (orange), 20 s after deposition—the width of each pillar is 2 mm. (c)Angle of
deflection θ, in radians, as a function of half the gap distance L, inmm. Each point represents themean angle over 3measures taken at
different samples, while the error bars represent the standard deviation. The dotted lines represent the linear regression for the
experimental values with the followingR2 values: 20%–0.975; 26/4%–0.889; 27/3%–0.968; 28/2%–0.993; 29/1%–0.885; 30%–

0.996. The solid lines represent predicted values of the theoreticalmodel, based on the equilibriumbetween the gravitational force
acting on thefilament and its resistance to deformation. Statistical analysis showed that all formulations are significantly different
(p<0.05) at L=8.
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Figure 4. (a) Schematic illustration of thefilament fusion test performed on the poloxamer gels, whenmeasurements were performed
directly on afirst gel layer printed on glass—themeasurements were: filament distance (fd);filament thickness (ft); and fused filament
length (fs). (b)Pictures from stereomicroscopy after deposition. For enhanced contrast, the gray background in original images was
replacedwith awhite background using Inkscape software (version 0.92). The blue lines follow the points where the pores close.
(c)Plot of fused filament length normalized by filament thickness as function of thefilament distance for the tested gel compositions.
The lines represent exponential fitting by nonlinear regression for each gel concentration. Statistical analysis showed significant
differences (p<0.05) between the formulations for fd<0.420 mm; above this value, instead, fs/ft differences are considerably
reduced and eventually approximate the value of 1 for all formulations.

Figure 5. (a) Schematic illustration of thefilament fusion test performed on the poloxamer gels.Measurements were performed on a
third layer, printedwith a differently-colored gel—themeasurements were:filament distance (fd);filament thickness (ft); and fused
filament length (fs). (b)Pictures from stereomicroscopy after deposition. For enhanced contrast, the gray background in original
images was replacedwith awhite background using Inkscape software (version 0.92). The blue lines follow the points where the pores
close. (c)Plot of fused filament length normalized by filament thickness as function of thefilament distance for the tested gel
compositions. The lines represent nonlinear regression for each gel concentration. Statistical analysis showed significant differences
(p<0.05) between the formulations for fd<0.485 mm. The 20%px formulation showed significantly different values compared to
the other formulations up to fd=0.550 mm.
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The angle of deflection in the filament collapse test
was measured 20 s after printing for every hydrogel
sample. Although no significant filament collapse can
be observed after this time point, it should be noted
that deformation still continues at a slower rate, as
observed in creep analysis of the hydrogels for 24 h
(data not shown). Nonetheless, such slow deformation
can be disregarded since printing time periods are gen-
erally in the order of minutes, after which gels are
either crosslinked or, when used as sacrificial material,
removed [6].

For the filament fusion test, there was a clear rela-
tionship between the evolution of pore closure and the
concentration of poloxamer. As poloxamer was
replaced by PEG, the minimum pore size increased,
that is, the resolution obtained with the hydrogel
decreased. The printed meandering pattern in this test
can provide a more objective and quantifiable assess-
ment of the relative filament resolution than the mac-
roscopic evaluation of 3D constructs, as it is possible to
assess the minimum pore size achievable for each
hydrogel tested.

Pore closure occurs especially for soft materials
and sharp corners, i.e. small pores. In these cases, the
capillary forces exceed the yield stress of the material,
resulting in deformation of these corners which pro-
gresses until the capillary forces and the yield stress
balance [29]. Initial experiments were performed on
glass, but here the pinning of the gel-glass contact line
strongly affected the measurements. As more layers
are printed, the resulting pattern will only depend on
the bioink material itself, which eliminates the varia-
bility that the printing platform may introduce. This
test is reproducible and generic, but a predictivemodel
based on a balance between yield stress and surface
tension could not fully capture the observed deforma-
tions. This suggests that not only capillary forces and
yield stress, but also gravity and time-dependent
effects play an important role in the deformation
behavior of bioinks [19, 21]. This is particularly
important when considering that bioinks are obtained
using hydrogels with very heterogeneous rheological
profiles, and that due to this complexity yield stress is
an important indicator, but may not be a sufficient
predictor for all the families of hydrogel bioinks.
Therefore, future work should focus on effective yet
accessible models to predict pore closure as a function
of thematerial properties.

The proposed tests provide useful quantitative
information on the physical deformation of the
bioink, which cannot be obtained from simple visual
inspection of extruded filaments [8] or of printed
structures [9, 12]. Even though the tests do not isolate
a single force that drives the deformation, their out-
comes are independent of printing parameters and can
be used to compare different bioinks. This greatly dif-
fers from other approaches described in the literature
[30, 31] where the influence of printing parameters,
such as pressure, material feed rate, nozzle size or

nozzle-to-substrate distance, on printability is
explored. Although these provide a step-by-step
optimization of printing parameters for a certain
bioink, they are time consuming, and only specific to
the printing systems used. The proposed tests further
build upon the quantitative approach introduced by
Ouyang et al that assessed the reproducibility of a
designed pore lattice [18]. The presented tests in this
technical note could be used to evaluate the potential
shape fidelity of a bioink based on the collapse and
fusion of filaments, aiding the engineering of bio-
printed constructs for tissue engineering.

5. Conclusion

The shape fidelity tests in this work present a readily
accessible and reproducible methodology to quickly
test new material formulations and compare them
with established ones. This may substantially accel-
erate the development of new bioinks by directly
assessing their performance. Both tests quantitatively
evaluate shape fidelity according to the physical
deformation of printed bioink filaments, which up till
now is mostly only qualitatively assessed and inter-
preted subjectively by performing visual inspection.
For the development of new bioink platforms, this
testing methodology accompanied with extensive
rheological characterization will provide further
insights into the influence of rheological properties on
shape fidelity. However, the proposed approach
focuses on the structural properties of bioinks.
Although assessing aspects of printability during the
development of a bioink is crucial to fabricate
constructs with more complex architectural organiza-
tion, the biological performance of the materials
should also always be assessed, for instance through
post-printing cell viability and functionality studies.

Taken together, the results underscore the impor-
tant role of yield stress on hydrogel shape fidelity.
While several material properties, namely viscosity
and storage modulus, are determinant to print con-
structs with high shape fidelity, yield stress could be
used as a relevant parameter to predict filament defor-
mation and estimate shape fidelity. Although the pre-
dictive model overestimates filament collapse when
compared to the experimental data, the same relation
of shape fidelity between the different concentrations
tested is maintained, paving the way for future work
on theoretical models that may be used to quantify
printability parameters directly from hydrogel rheolo-
gical properties.
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