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Abstract

Support bath-based extrusion bioprinting is an emerging additive manufacturing paradigm that allows for the creation
of geometrically complex three-dimensional tissue-mimicking constructs. Although this approach enables arbitrary
geometries to be printed, preserving shape and mechanical integrity after the construct is extracted from the support
bath is one of the main challenges today. In the present study, we systematically tested the effect of critical printing
parameters on construct integrity and stiffness. Specifically, we varied the concentration and temperature of the bioink
and support bath material, hydrogel crosslinking time, and cell density of the bioink. While previous studies on hy-
drogel materials quantify construct properties based on a single loading mode- such as uniaxial testing or rheological
experiments, for example - we used a multiaxial mechanical testing protocol to assess the printed construct’s response
in tension, compression, and shear. For each sample, we determined a single set of material parameters by simultane-
ously fitting all three modes in our inverse finite element framework. In support of future modeling work, we analyzed
three different constitutive models with respect to their ability to match the construct’s mechanical response. We ob-
served that GelMA concentration, temperature, and cell density have a statistically significant effect on the construct
stiffness; support bath temperature and UV crosslinking time have a weak effect on construct stiffness; and support
bath concentration appears to have no direct effect on the measured construct properties. Our construct stiffness were
found to vary between 0.07 and 2.2 kPa depending on printing conditions, and showed noticeable tension-compression
asymmetry as well as pronounced nonlinear behavior when loaded under shear.

Keywords: Support bath bioprinting, tubular cell-laden GelMA constructs, live-dead cell assay, triaxial mechanical
characterization, inverse finite elements

1. Introduction

Bioprinting, a rapidly evolving technique in tissue engineering and regenerative medicine, and a critical capability
of additive manufacturing for various biological applications, has significantly advanced the fabrication of complex
three-dimensional structures[1]. This technology has emerged as an enabling approach for precision fabrication of
printed constructs that mimic human tissues’ native architecture and functionality [2, 3]. Among the various bio-
printing techniques, support bath printing and in-air printing are particularly noteworthy. Traditional in-air printing
involves stacking material upon itself, relying on the stability, mechanical strength, and interlayer connectivity of
previous layers [4]. This printing paradigm is limited with respect to the printability of bioinks with low viscosities.
Support bath printing, on the other hand, features the ability to print large, structurally complex constructs without
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additional support structures [5]. It operates by extruding bioink into a support bath material with thixotropic prop-
erties, capable of self-suspending the bioink, and after in situ crosslinking, forms cohesive 3D constructs ready for
extraction from the support bath[6]. This bioprinting technique enables the fabrication of tissue constructs with low
viscosity hydrogels, promoting better cellular viability and function.
Gelatin methacryloyl (GelMA) is a widely used bioink in bioprinting due to its excellent biocompatibility, tunable
mechanical properties, and ability to support cell adhesion, proliferation, and differentiation [7]. The bioprinting
process involves the extrusion of bioink through a nozzle to create three-dimensional structures layer by layer. GelMA
is particularly favored for its photocrosslinkable properties, which allow for rapid and precise solidification under UV
light, thus maintaining the structural integrity of the printed constructs [8]. Moreover, the mechanical properties of
GelMA can be finely tuned by varying the degree of methacrylation and the concentration of gelatin, enabling the
fabrication of constructs with tailored stiffness and elasticity suitable for different tissue engineering applications [8].
This adaptability is crucial for mimicking the diverse mechanical environments of native tissues, from soft tissues like
liver and brain to more rigid structures like cartilage and bone [9] [10].
The mechanical properties of bioprinted constructs are critical for their functionality and compatibility with host tis-
sue, as highlighted by Mironov et al. [11]. For example, Pahoff et al. [12] reported on the effect of material parameters
including GelMA concentration and the degree of methacrylation on the mechanical properties of GelMA-based carti-
lage constructs. Moreover, Klotz et al. [13] demonstrated that incorporating endothelial cells and humanmesenchymal
stem cells into a GelMA bioink enhances both the mechanical properties and vascularization of bioprinted liver tissue
constructs. Additionally, computational models have been developed to predict the mechanical behavior of bioprinted
constructs based on material properties and printing parameters [14, 15]. Despite recent advancements in support bath
printing, challenges remain, particularly in the precise control of the mechanical properties and post-processing of the
bioprinted constructs. This impedes the effective production of softer tissues and organs, such as heart tissue [16],
blood vessels [17], skin [18], and brain tissue [19]. This limitation necessitates a comprehensive investigation into key
printing parameters of the bioink and support bath materials that enhance the mechanical properties while preserving
cell viability of the final constructs [20, 21].
The objective of the present work is to understand the effects of fabrication parameters on the mechanical properties
of support-bath printed constructs made of (cell-laden) photocrosslinkable hydrogel bioink gelatin methacryloyl, or
GelMA. We use GelMA for its tunable mechanical properties and compatibility with cell-adhesive peptides which
enhance cell growth, differentiation, and proliferation [22, 23]. Support bath printing of low-concentration, low-
viscosity GelMA enables us to selectively deposit cell-laden materials layer by layer to construct desired geometries,
thus showing promise for complex soft tissue and other similar applications[24]. Specifically, we create hollow
cylindrical structures that mimic vasculature in order to understand the effect of six key parameters on construct
stiffness: the concentration and temperature of the bioink and support bath material, UV crosslinking time, and cell
density of the bioink. We prepare three samples for each set of printing parameters and perform measurements
with our custom-built triaxial testing device. Specifically, we examine GelMA under three loading modes: tension,
compression, and shear. We use an inverse finite element approach to determine model parameters that best fits all
three loading modes simultaneously. Lastly, we perform a cell viability study to assess cell survival in our low-
concentration tubular constructs across a 7-day observation period.
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2. Methods

2.1. Bioink and support bath material preparation

GelMA material was prepared following a protocol presented by Ding et al. (2019) [25]. To that end, lithium
phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) (Allevi by 3D Systems, PA, USA) was fully dissolved in Dulbecco’s
Phosphate Buffered Saline (DPBS) (R&D Systems, MN, USA) at 60◦C for 30 minutes with 0.5%w/v concentration of
the final solution. The solution was stored in a light-protected container to prevent premature photoinitiator activation
from exposure to light. When LAP was fully dissolved in DPBS, lyophilized GelMA foam (Allevi by 3D Systems,
PA, USA) was added to the solution with a 10%w/v final concentration and mixed at 60◦C for at least one hour in the
dark. The GelMA batch was then stored at 4◦C for no more than 7 days before use.
Support bath material was prepared following the protocol presented by Ding et al. (2018) [6]. First, powder Laponite
B (BYK Additives Inc., Gonzales, USA) was autoclaved using dry settings at 120◦C. Next, appropriate amounts of
sterile Laponite B were slowly and continuously dissolved in deionized distilled water (1.0, 1.5, and 2 % w/v) while
being stirred at 30◦C for 1 hours until full dispersion and homogenization was reached. Finally, the solution was
cooled to room temperature and stored in a closed container at 4◦C.

Prior to sample preparation:
• To prepare sterile GelMA inks without cells, we melted GelMA in a warm water bath at 37◦C, poured it into a 3mL
syringe that was covered with aluminum foil to prevent photocatalysis of GelMA, i.e., undesired crosslinking, and
mounted it in the custom-made quad-extrusion bioprinting system.
• To prepare sterile GelMA inks with cells, i.e., bioinks, we melted GelMA in a warm water bath at 37◦C and then
filtered it using a 0.22 µm vacuum filter cup under aseptic conditions. The vacuum filter was first wetted with
DPBS to allow easier flow of GelMA without significant loss in total volume. Cells were collected as a pellet
after centrifuging the cells at 350RPM for 3min. The cell pellet was mixed with cell media before we pipetted
GelMA until a final concentration of 5% w/v cell-laden GelMA bioink was reached. The The final cell density was
approximately 1.5×106 cells/mL.

2.2. Support bath-based bioprinting of GelMA

To mimic arterial tissue, we used a hollow cylinder sample geometry with outer diameter D= 7 mm, inner diameter
d= 3 mm, and height H= 7 mm. We used a custom-made quad-extrusion bioprinting system to bioprint samples with
GelMA bioinks, see Fig. 1a [24, 26]. We used Cura (Cura Ultimake, Zaltbommel, NL) to obtain an initial toolpath
g-code from the sample’s CAD model which we modified to meet the requirements of our quad-extrusion bioprinting
system. The prepared GelMA bioink was loaded into a 3mL sterile syringe equipped with a 1.25” 22G nozzle (Nord-
son EFD, RI, USA) and wrapped in aluminum foil to prevent photocatalysis of GelMA, i.e., in this case premature
crosslinking. The syringe was then heated to the prescribed printing temperature, and mounted on the quad-extrusion
bioprinting system for printing.

During in-air priting, 3 hollow cylinders were printed side-by-side on a glass slide. In the case of support bath-based
printing, we filled a 15mL glass Pyrex beaker with the support bath material and printed 3 vertically-staked cylinders
in one session. In Fig. 1b, we show the printing of a single GelMA cylinder. The printed structures were crosslinked
with an 8W, 365 nm ultraviolet light (UVP, UVL-18 365 nm UV light, Analytik Jena US, CA, USA) for 40 s to 60 s
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depending on the prescribed printing protocol. The cylinders were then removed from the support bath, rinsed with
DPBS, and cleaned from excess liquids using a KimWipe. The last step ensured full adhesion when mounting the
sample in the triaxial testing machine, on the one hand, and prevented sample swelling during the mechanical testing,
on the other.

Figure 1: Setup of a) the custom-made quad-extrusion bioprinting machine and b) a representative image of GelMA being deposited in the
LaponiteB-based support bath. Setup of c) the custom-made triaxial testing device and d) a close-up view of a GelMA cylinder placed inside the
testing device prior to experimentation. Additionally, 2D schematics are included to demonstrate the compression (C), tension (T), and shear (S)
experiments performed on the GelMA constructs are shown.

2.3. Printing parameters considered in this study

We quantified the effect of 6 bioprinting process parameters on sample stiffness. Specifically, we evaluated the effect
of three different support bath temperatures (4◦C, 24◦C, and 37◦C), three different LaponiteB concentrations (1%w/v,
1.5%w/v, and 2%w/v), two different GelMA temperatures (24◦C and 37◦C), three different GelMA concentrations
(5%w/v, 7%w/v, and 10%w/v), three different UV crosslinking times (40s, 50s, and 60s), and four different cell
densitys (0, 1.5, 3, and 6 million cells/mL) as summarized in Table 1. Our default printing parameters were: 24◦C
support bath and bioink temperature, a 1.5%w/v support bath and and 5%w/v bioink concentration, respectively,
40s UV crosslinking time, and no cells because these parameters provide the necessary stiffness for a stable yet
compliant soft structure based on previous work [6, 25]. The cell-laden constructs were tested immediately after
printing. Specifically, after their culturing, cells were harvested as a pellet and mixed with GelMA. Once printed
into the support bath, the constructs were immediately extracted, washed with PBS to remove excess support batch
medium, and lightly dried with a Kim Wipe before mechanical testing.
We also prepared in-air printed samples for comparison against support bath printed samples and used a GelMA
temperature of 21◦C, GelMA concentration of 7%w/v, and 40s UV crosslinking time. The parameters for in air
printing were based on previous work and provide among the softest possible samples that maintain shape and don’t
collapse under their own weight [6, 25].
Justification for select printing parameters: Printing parameter settings were determined based on values reported in
literature, device specifications, and observed limitations to our construct’s integrity. Specifically, GelMA concentra-
tions of 5%w/v, 7%w/v, and 10%w/v are widely used in literature; UV crosslinking times of 40s, 50s, and 60s strike
a balance between between ensuring structural integrity and supporting cellular activity and survival [25, 27]; lack
of active temperature control of our printing device limits us to few possible temperature settings: 24◦C, i.e., room
temperature, as a default bioink and support bath material temperature; 37◦C to simulate physiological conditions by
pre-heating both materials prior to printing; and 4◦C for the support bath material by cooling in an ice bath prior to
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printing [28]. We cannot print GelMA bioinks below 20◦C due to their thermal gelation[29]. The concentration of
the support bath material, Laponite B, was varied between 1%w/v, 1.5%w/v, and 2%w/v, based on the manufacturer’s
guidelines and the lack of existing characterizations [30]. The manufacturer suggests a maximum concentration of
2%w/v to maintain optimal thixotropic behavior. Accordingly, we selected concentrations of 1%w/v, 1.5%w/v, and
2%w/v for our study, with 1.5%w/v serving as the standard concentration for our experimental groups. Both cell type
and cell density in the bioink play a crucial role in influencing the mechanical properties of bioprinted constructs[31].

group # SB temp LapB aaaa
concentr

GelMA temp GelMA aa
concentr

CL time cell density

[°C] [%w/v] [◦C] [%w/v] [seconds] [mcells/mL]

SUPPORT BATH PRINTED SAMPLES

1 4 1.5 24 5 40 0
1 24 1.5 24 5 40 0
1 37 1.5 24 5 40 0

2 24 1 24 5 40 0
2 24 1.5 24 5 40 0
2 24 2 24 5 40 0

3 24 1.5 24 5 40 0
3 24 1.5 37 5 40 0

4 24 1.5 24 5 40 0
4 24 1.5 24 7 40 0
4 24 1.5 24 10 40 0

5 24 1.5 24 5 40 0
5 24 1.5 24 5 50 0
5 24 1.5 24 5 60 0

6 24 1.5 24 5 40 0
6 24 1.5 24 5 40 1.5
6 24 1.5 24 5 40 3
6 24 1.5 24 5 40 6

IN AIR PRINTED SAMPLES

7 N/A N/A 21 7 40 0

Table 1: Support bath (SB) and in-air printing parameters evaluated for their impact on sample stiffness. Default printing parameters are 24◦C
support bath (SB) temperature, 1.5%w/v LaponiteB (LapB) concentration, 24◦C gelatin methacryloyl (GelMA), 5%w/v GelMA concentration, and
40 s crosslinking (CL) time. We refer to ink or bioink depending on the presence of cells (group 6). In air printing parameters were selected based
on previous work [6, 25]. Numbers highlighted in red show the specific values selected for the individual printing parameter that was varied in our
7 different groups.

2.4. Multi-axial mechanical testing of GelMa samples

We tested the multiaxial construct response using a custom-built tri-axial testing machine based on the designs of
Sugerman et al. and Kakaletsis et. al [32, 33]. Figures 1c/d show the system configuration with three linear stages
(Thorlabs, NJ, USA) in tandem with a three-axis 2N force sensor (Interface, AZ, USA). We glued each sample be-
tween two concentrically aligned pins with cyanoacrylate glue (The Gorilla Glue Company, OH, USA) and used two
orthogonal cameras to measure the sample’s overall dimensions required for the conversion of forces and displace-
ments to stress and strain. Each sample underwent the following loading protocol: we prescribed 3 loading cycles up
to 10% compressive strain, then 10 % tensile strain, and lastly -20 to +20% shear strain at a constant displacement rate
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of 0.03mm/s. After mechanical testing was completed, we converted the force-displacement data to stress-strain data.
More specifically, we report the first Piola-Kirchhoff stress and nominal strain. We then isolated the third loading
cycle with the intent to discard any preconditioning effects during the previous two cycles. Moreover, we ignored the
material’s viscous response and averaged the stress-strain curve’s upstroke and downstroke. This provided us with the
sample’s ‘elastic’ response which we subsequently used for hyperelastic constitutive model parameter identification
[32, 34]. We consider our applied strain levels to be reasonably similar to in vivo strains of arteries. During normal
function, arteries undergo cyclic deformations due to pulsatile blood flow, resulting in circumferential strains ranging
from about 2 - 20%[35, 36], while axial strains along the artery are observed to be on the order of a few percent [37].
Moreover, our proposed strain levels are similar to what is applied in many ex vivo studies aiming at quantifying the
mechanical properties of real arterial tissue using various testing setups [38].

2.5. Hyperelastic model paramater identification

Hyperelastic models have been widely used to describe the mechanical behavior of GelMA [39–43]. Here, we aim
to identify the strain energy density function that best represents our GelMa data and, in turn, determined the model
parameters of the Neo-Hookean, one-term Ogden, and Gent model.
To characterize finite deformations, we introduce the transformation Φ that maps material particles X from the un-
deformed configuration to particles, x = Φ(X), in the deformed configuration. Relative deformations within the
sample are then given by the deformation gradient F, i.e., the gradient of the deformation map Φ with respect to the
undeformed coordinates X, and its Jacobian 𝐽,

F = ∇XΦ, with 𝐽 = det(F) > 0. (1)

To best capture the quasi-incompressible behavior of GelMA, the deformation gradient is multiplicatively split into
the volumetric (spherical) F𝑣𝑜𝑙 and isochoric (unimodular) F̄ part such that

F = F̄ · F𝑣𝑜𝑙 , with F𝑣𝑜𝑙 := 𝐽1/3 1 and F̄ := 𝐽−1/3F. (2)

The models evaluated here are functions of the unimodular first principal invariant 𝐼1, with 𝐼1 = F̄T : F̄, or the uni-
modular principal stretches 𝜆̄𝑖 , given by det(𝑭̄) = 𝜆̄1𝜆̄2𝜆3 = 1. This approach warrants an additive split of the strain
energy function into a deviatoric (deformational) and a dilatational (volumetric) part.

Neo-Hookean model. The neo-Hookean model is the simplest of all models and is defined by the free energy function
that is constant in the first principal invariant, ( 𝐼1 − 3 ), scaled by the shear modulus, 𝜇, in addition to a volumetric
part, scaled by the bulk modulus 𝜅,

ΨNeo-Hookean =
1
2
𝜇

(
𝐼1 − 3

) + 1
2
𝜅 (𝐽 − 1)2 . (3)

Ogden model. The free energy function of the one-term Ogden model is expressed in terms of the principal stretches,
𝜆̄𝑖 , and has three model parameters, shear modulus 𝜇, nonlinearity parameter 𝛼, and bulk modulus 𝜅,

ΨOgden =
2𝜇
𝛼2

(
𝜆̄𝛼
1 + 𝜆̄𝛼

2 + 𝜆̄𝛼
3 − 3

) + 1
2
𝜅 (𝐽 − 1)2 . (4)

Gent model. The Gent model is a phenomenological model initially developed for rubber elasticity [44] and was
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chosen here for its ability to capture a wide spectrum of strain-stiffening material behavior representative of soft
biological materials [45]. The strain energy uses a linear logarithm of the first invariant, ( 𝐼1 − 3 ), and requires two
parameters, i.e., shear modulus 𝜇 and a stiffening parameter for the first invariant 𝐽𝑚,

ΨGent = − 𝜇𝐽𝑚
2

ln
(
1 − 𝐼1 − 3

𝐽𝑚

)
+ 1
2
𝜅 (𝐽 − 1)2 . (5)

We used an inverse finite element approach to determine the model parameters that best approximate the combined
material behavior observed in tension, compression, and shear experiments of the differently printed samples, re-
spectively. We used FEBio for all simulations [46] and created a finite element mesh representative of our sample
geometry, i.e., a hollow cylinder with outer radius 3.5mm, inner radius 1.5mm, and height 7 mm. We used a uniform
seeding size of 1 x 1 x 1 which resulted in a nonuniform element size of 0.75 x 0.55 x 1.00mm, and adding up to a
total of 1400 linear hexahedral fully integrated C3D8 eight-node brick elements. To that end, we fixed all nodes on
the bottom layer of the mesh to mimic gluing the sample to the test bed while prescribing displacement boundary
conditions to the top layer to reproduce the three loading conditions. We minimized the total relative squared error
(RSE), i.e., the difference between numerically predicted and experimentally observed construct response, using the
Truncated Newton Conjugate-Gradient method and identified the model parameters for each of the three constitutive
models. To that end, we implemented our optimization code in python 3.11.4. From the SciPy library, we used the
scipy.optimize.minimize function to run the Truncated Newton CG optimizer. For our objective function, we defined
the error as

𝑅𝑆𝐸 =


𝑛𝑡∑︁
𝑖=1

(
1 − 𝑃sim

𝑖

𝑃
exp
𝑖

)2  tension
+


𝑛𝑐∑︁
𝑖=1

(
1 − 𝑃sim

𝑖

𝑃
exp
𝑖

)2 compression

+


𝑛𝑠∑︁
𝑖=1

(
1 − 𝑃sim

𝑖

𝑃
exp
𝑖

)2  shear
, (6)

where 𝑃sim and 𝑃exp are the simulation-based and experimentally observed tensile, compressive, and shear stresses,
respectively. We sample experimental and simulation stresses at strain intervals of 0.005 [-] for compression and
tension measurements and 0.01 [-] for shear measurements to ensure that the total RSE weights uniaxial and shear
loading conditions equally. Therefore, 𝑛𝑡=20, 𝑛𝑐=20, and 𝑛𝑠=40, are the number of data points from the tensile,
compressive, and shear experiments, respectively. We assume GelMA to be nearly-incompressible and prescribe a
Poisson’s ratio of 𝜈 = 0.495 following the example of previous works [47, 48]. We lean on the relation between elastic
properties in linearly elastic materials during the optimization to prescribe the bulk modulus 𝜅 based on Poisson’s
ratio 𝜈 and each iteration’s current shear modulus 𝜇,

𝜅 =
2𝜇(1 + 𝜈)
3(1 − 2𝜈) , (7)

which yields a bulk-to-shear-modulus ratio of 100. Since this is rather low, i.e., a ratio of 1000 or 𝜈 = 0.4995 enforces
near-incompressibility much stronger, we performed a sensitivity analysis on our model and observed that volume
changes are less than 1% across all elements.
We used the optimization framework to determine the shear modulus 𝜇, nonlinearity parameter 𝛼, and the stiffening
parameter for the first invariant 𝐽𝑚 of our respective models and report mean model parameters for each printing
configuration. Statistical analysis was carried out including each sample’s specific model parameters.
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2.6. Cell culturing and viability assay

Cell viability was assessed by creating 12 additional support bath printed samples innoculated with cells according
to a protocol presented by Zhu et al. [49]. Specifically, we cultured endothelial cells from the human umbilical vein
cell line EA.hy926 (ATCC, VA, USA) in Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-12 (DMEM/F-12)
media containing 10% fetal bovine serum and 1% penicillin-streptomycin solution stored at 37◦C in a humidified
5% CO2 incubator. Our cells were cultured in T75 flasks where they attached to the bottom of the flask as they
proliferated. At passage 14 of culturing, cells were detached from the bottom of the flask using Trypsin. The cell
media containing the floating cells was then transferred to a tube and centrifuged at 350 RPM for 3 minutes. This
process separated the cells from the cell media and Trypsin. The cells, now present as a pellet at the bottom of the
tube, were then either immediately mixed into the bioink for bioprinting. These cell-laden samples were the either
used for mechanical testing or stored at 37◦C in a humidified 5% CO2 incubator for up to 7 days as part of our cell
viability study. For latter, at 3, 5, and 7 days, 3 samples were prepared for live-dead staining respectively. We used the
commercially available LIVE/DEADTM Viability/Cytotoxicity Kit (Invitrogen, MA, USA). Tissue constructs were
washed with DPBS and stained with 2𝜇M Calcein blue AM (green live cell stain) and 4𝜇M ethidium homodimer-1
(red dead cell stain) solution and then incubated for 45-60 minutes. This ensured full penetration of the stains to all
cells inside the printed GelMA samples. After incubation, the stained constructs were washed with DPBS and imaged
using the wide-field fluorescence microscope IX83P1ZX (Olympus, Tokyo, JP) with the Fluorescein-5-isothiocyanate
(FITC) and tetramethylrhodamine (TRITC) channel filters such live cells appear green and dead cells appear red,
respectively. Cell viability was ultimately defined as the ratio between number of live cells and total number of cells.

2.7. Statistical analysis

We plot the averaged stress-strain response from the third loading cycle of each loading condition to visualize the im-
pact of printing parameters under tension, compression, and shear. We report the results from our material parameter
identification in the form of mean and standard deviation of the model parameters for each set of printing parameters.
To that end, we evaluated the differences between model parameters using GraphPad Prism (Dotmatics, MA, USA).
Specifically, we included each individual measurement and selected two-way ANOVA with repeated measures and
the Tukey-Kramer post-hoc test to determine statistical significance and indicate a significance level of p < 0.05 with
*, p < 0.01 with **, p < 0.001 with ***, and p < 0.0001 with ****. Lastly, we assessed the impact of select printing
parameters on cell viability across a 7 day observation period by reporting mean and standard deviation of cell counts.

3. Results

3.1. Mechanical Response of Support Bath Printed Bioink

Figure 2 shows the stress-strain curves of groups 1 through 6. We averaged the data from all three samples per printing
configuration and show mean and standard deviation for comparison between groups. The left column shows stress-
strain curves for compression and tension, the right column shows stress-strain curves for shear. We generally observe
a tension-compression asymmetry with a peak compressive stress that is about 16% higher than the peak tensile stress.
Additionally, we observe that adding cells had the largest impact on the asymmetry with about 19%.
Within the 10% uniaxial strain regime that we tested, compression and tension curves do not exhibit major nonlin-
earities. Loading up to 20% in shear, however, shows an increased nonlinear stress-strain behavior. Lastly, groups
1, 3, and 6 show more pronounced differences with respect to maximum stress between curves in comparison to the
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Figure 2: Averaged stress-strain curves across all six groups: support bath (SB) temperature, LaponiteB (LapB) concentration, GelMA temperature,
GelMA concentration, crosslinking time (CL), and cell density. We applied up to 10% strain in both compression and tension as well as up to
±20% strain in shear. Note that the stress range varies between plots.

other groups which suggests that some printing parameters have a stronger impact on the material response of our
constructs. Overall, we observe that the stiffest material behavior, i.e., maximum stress at maximum strain, when
increasing GelMA concentration (group 4) and the softest response when adding cells to our constructs (group 6). In
case of cell-free constructs, the softest behavior is observed when increasing the temperature of the GelMA (group 3).

3.2. Shear modulus variations based on support-bath printing configurations

Table 2 summarizes the model parameters for each printing configuration for the Neo-Hookean, Ogden, and Gent
model. Specifically, we report the shear modulus and nonlinearity constant for the fit against the averaged stress-strain
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response across all three samples per printing configuration as well as the minimum and maximum shear modulus (and
their corresponding nonlinearity constants) based on fits of each individual sample. Across all printing conditions
(n=18), we observe a mean construct shear stiffness of 0.25± 0.14 kPa for the Neo-Hookean model, 0.23± 0.11 kPa
for the Ogden model (with a nonlinearity constant 𝛼 of 15.77± 3.28), and 0.25± 0.14 kPa for the Gent model (with
a nonlinearity constant 𝐽𝑚 of 10.14± 0.38). Those values are significantly lower than the stiffness observed for the
in-air printed constructs which are about 8.7 times stiffer with a shear stiffness of 2.18 kPa for the Neo-Hookean
model, 1.75 kPa for the Ogden model (with 𝛼 26.18), and 2.21 kPa for the Gent model (𝐽𝑚 20.71). We generally
observe similar shear moduli per printing condition across all three constitutive models. Stiffness changes based on
increasing/decreasing printing parameters are also consistently reflected in shear modulus trends across models.

Neo-Hookean Ogden Gent
𝜇 [kPa] (min ; max) RSE 𝜇 [kPa] (min ; max) 𝛼 [-] (min ; max) RSE 𝜇 [kPa] (min ; max) 𝐽𝑚 [-] (min ; max) RSE

Support bath printing parameter configurations

G1
4 ◦C 0.36 (0.20 ; 0.42) 1.46 0.29 (0.14 ; 0.42) 15.97 (1.01 ; 18.86) 3.04 0.36 (0.21 ; 0.43) 10.56 (10.23 ; 11.24) 2.71
24 ◦C 0.22 (0.18 ; 0.23) 1.42 0.20 (0.15 ; 0.22) 18.18 (5.88 ; 18.19) 2.48 0.22 (0.18 ; 0.23) 9.76 (9.49 ; 10.01) 1.43
37 ◦C 0.13 (0.11 ; 0.16) 2.56 0.13 (0.09 ; 0.21) 16.21 (14.13 ; 18.49) 3.65 0.16 (0.11 ; 0.25) 10.16 (10.22 ; 10.23) 2.84

G2
1.0% 0.23 (0.21 ; 0.24) 1.61 0.19 (0.16 ; 0.20) 17.05 (17.69 ; 18.36) 2.17 0.23 (0.21 ; 0.24) 10.11 (10.66 ; 10.85) 1.61
1.5% 0.22 (0.18 ; 0.23) 1.42 0.20 (0.15 ; 0.22) 18.18 (5.88 ; 18.19) 2.48 0.22 (0.18 ; 0.23) 9.76 (9.49 ; 10.01) 1.43
2.0% 0.27 (0.22 ; 0.30) 3.03 0.24 (0.18 ; 0.25) 16.74 (14.26 ; 19.21) 3.17 0.27 (0.22 ; 0.30) 10.69 (10.66 ; 10.69) 3.01

G3
24 ◦C 0.22 (0.18 ; 0.23) 1.42 0.20 (0.15 ; 0.22) 18.18 (5.88 ; 18.19) 2.48 0.22 (0.18 ; 0.23) 9.76 (9.49 ; 10.01) 1.43
37 ◦C 0.12 (0.09 ; 0.11) 1.49 0.12 (0.07 ; 0.10) 8.18 (11.61 ; 18.16) 1.23 0.11 (0.09 ; 0.11) 10.77 (20.58 ; 20.61) 1.50

G4
5.0% 0.22 (0.18 ; 0.23) 1.42 0.20 (0.15 ; 0.22) 18.18 (5.88 ; 18.19) 2.48 0.22 (0.18 ; 0.23) 9.76 (9.49 ; 10.01) 1.43
7.0% 0.47 (0.44 ; 0.48) 0.97 0.44 (0.37 ; 0.46) 15.59 (2.12 ; 20.51) 1.67 0.45 (0.46 ; 0.49) 10.85 (9.43 ; 10.66) 0.97
10.0% 0.66 (0.60 ; 0.69) 0.96 0.50 (0.42 ; 0.51) 13.56 (17.61 ; 21.15) 3.91 0.65 (0.60 ; 0.70) 10.25 (9.89 ; 10.66) 0.96

G5
40 s 0.22 (0.18 ; 0.23) 1.42 0.20 (0.15 ; 0.22) 18.18 (5.88 ; 18.19) 2.48 0.22 (0.18 ; 0.23) 9.76 (9.49 ; 10.01) 1.43
50 s 0.31 (0.25 ; 0.34) 2.17 0.27 (0.21 ; 0.33) 20.31 (5.23 ; 18.77) 1.75 0.31 (0.25 ; 0.34) 9.88 (10.13 ; 10.16) 1.99
60 s 0.33 (0.25 ; 0.37) 1.56 0.30 (0.25 ; 0.36) 14.55 (4.61 ; 15.03) 3.02 0.35 (0.25 ; 0.37) 10.16 (10.16 ; 10.24) 1.58

G6

0 Cells 0.22 (0.18 ; 0.23) 1.42 0.20 (0.15 ; 0.22) 18.18 (5.88 ; 18.19) 2.48 0.22 (0.18 ; 0.23) 9.76 (9.49 ; 10.01) 1.43
1.5M 0.19 (0.16 ; 0.23) 1.47 0.19 (0.13 ; 0.23) 9.61 (11.98 ; 17.86) 1.61 0.19 (0.16 ; 0.24) 9.93 (9.79 ; 10.01) 1.48
3.0M 0.13 (0.12 ; 0.13) 2.18 0.12 (0.11 ; 0.12) 15.97 (12.58 ; 17.58) 2.57 0.12 (0.12 ; 0.13) 10.26 (9.99 ; 10.01) 2.19
6.0M 0.06 (0.05 ; 0.07) 1.59 0.06 (0.05 ; 0.06) 11.02 (9.37 ; 12.45) 2.10 0.06 (0.05 ; 0.07) 10.27 (9.95 ; 10.02) 1.59

In-air printing parameter configurations
G7 2.18 (1.8 ; 2.44) 4.14 1.75 (1.57 ; 1.76) 26.18 (15.69 ; 22.77) 4.56 2.21 (1.82 ; 2.47) 20.71 (16.69 ; 18.72) 4.85

Table 2: Model parameters for the Neo-Hookean (𝜇), Ogden (𝜇, 𝛼), and Gent model (𝜇, 𝐽𝑚) based on fitting the averaged stress-strain response
from all three samples of each printing configuration. In addition, we show the minimum and maximum shear stiffness value (and corresponding
nonlinearity constants for the Ogden and Gent model) based on fitting the stress-strain response of each sample individually. Moreover, we provide
the relative square error (RSE) of the average fit for comparison of the goodness of fit between printing conditions.

Figure 3 compares shear moduli of the Neo-Hookean, Ogden, and Gent model, respectively, and indicates statistical
significance between printing conditions. We only observe statistical significant differences in the shear moduli for
printing configurations of groups 1, 3, 4, and 6. Notably, elevating the support bath temperature (group 1) from 4◦C to
37◦C results in a significant reduction of the shear modulus by 63%. Increasing GelMA temperature (group 3) from
24◦C to 37◦C also causes a statistically significant drop of the shear modulus by 45%. Ultimately, however, GelMA
concentration (group 4) has the most significant impact on sample stiffness across all other printing parameters. Dou-
bling GelMA concentration leads to a 200% modulus increase. Lastly, seeding cells in the GelMA ink, to produce
what we refer to as bioink (group 6), causes sample stiffness to drop. We observe significant differences between
various groups and an average 32% stiffness drop each time we doubled cell numbers.
Figure 4 compares nonlinearity constants 𝛼 from the Ogden model and 𝐽𝑚 from the Gent model, respectively, and
indicates statistical significance within each group of printing parameters. We generally observe that 𝐽𝑚 shows sig-
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Figure 3: Shear moduli of support bath printed constructs for the Neo-Hookean, Ogden, and Gent models. Each point represents the shear modulus
of a single sample and the horizontal black line indicates the shear modulus reported in Table 2 which is based on the averaged stress-strain
behavior across all three samples per printing condition. We statistically analyzed intra-group variations and indicate p< 0.05 with ∗ , p< 0.01
with ∗∗, p< 0.001 with ∗ ∗ ∗, and p< 0.0001 with ∗ ∗ ∗∗. In this context, SB denotes the support bath, LapB refers to LaponiteB, and CL stands for
cross-linking time.

nificantly less variation within printing groups in comparison to 𝛼 from the Ogden model. Group 3, i.e., GelMA
temperature, is the only case where we observe a statistical significance between the Gent model’s 𝐽𝑚 for the two
printing conditions at 24 ◦𝐶 and 37 ◦𝐶. This indicates that the nonlinearity of our models is rather consistent across
all printing conditions and marginally affects material response.
In contrast to most other studies that just fit a single loading mode at a time, we fit all three loading modes simulta-
neously. Although this generally leads to a worse fit for individual models, it ensures that our parameters provide a
robust approximation of the overall material response. In the supplemental materials, we report the relative square
error for compression, tension, and shear separately. values of our fits using the three different constitutive models.
Specifically, we evaluate the goodness of fit of our compression, tension, and shear data using a single set of optimized
model parameters. For the Neo-Hookean model we observe an average RSE of 0.23 in tension, 0.36 in compression,
and 1.05 in shear which suggests a good approximation of the material’s response (see Tab. S1 in the supplementary
materials). Similarly, the Gent model also provides robust fits with an average RSE of 0.26 in tension, 0.32 in com-
pression, and 1.14 in shear (see Tab. S2 in supplementary materials). For the Ogden model, however, we observe
poorer overall fits with an average RSE of 1.04 in tension, 0.51 in compression, and 0.97 in shear (see Tab. S3 in sup-
plementary materials). These results suggest that the Neo-Hookean and Gent model are both better at capturing the
response of our cell-laden GelMA constructs than the stretch-based Ogden model. For illustration purposes, Figs. S1-
S3 in the supplemental materials show the averaged stress-strain curves across all six groups against the results from
the Neo-Hookean, Ogden, and Gent models. This shows how our fits provide reliably good approximations of the
experimentally observed behavior.
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Figure 4: Nonlinearity constants of support bath-based printed constructs for the Ogden and Gent models. Each point represents the nonlinearity
constant from the fit of a single sample and the horizontal black line indicates the nonlinearity constant reported in Table 2 which is based on the
averaged stress-strain behavior across all three samples per printing condition. We statistically analyzed intra-group variations and indicate p< 0.05
with ∗ , p< 0.01 with ∗∗, p< 0.001 with ∗ ∗ ∗, and p< 0.0001 with ∗ ∗ ∗∗. In this context, SB denotes the support bath, LapB refers to LaponiteB,
GelMA represents gelatin methacryloyl, and CL stands for cross-linking time.

3.3. Support-bath vs. in-air printed construct stiffness

Traditional printing bioprinting methods continue to be performed in air. We prepared multiple samples using the
same in-air printing parameters, see Tab. 2, that allowed to print the softest-possible constructs that were true to
the prescribed geometry, i.e., didn’t collapse under their own weight. Figure 5 shows the stress-strain curves in a)
compression and tension as well as in b) shear of the softest (blue) and stiffest (purple) support bath printed constructs
in comparison to the in-air printed curves (green). Interestingly, we observe less tension-compression asymmetry but
increased nonlinearity in the shear response. Based on our inverse finite element framework, we obtain shear moduli
for in-air printed constructs of 2.18 kPa for the Neo-Hookean model, 1.75 kPa for the Ogden model (with nonlinearity
constant 𝛼 of 26.18), and 2.21 kPa for the Gent model (with nonlinearity constant 𝐽𝑚 of 20.71). In general, the
average shear modulus, see Fig. 5c), of in-air printed constructs is 22-times stiffer than the softest and up to 3.5-times
stiffer than the stiffest support-bath printed constructs, respectively. Based on comparison for each hyperelastic model
respectively, we observe statistically significant differences between the shear moduli for all three printing conditions.
However, the choice of hyperelastic model has a negligible impact on the shear modulus which is reflected in similar
values for the three different printing conditions, respectively.

3.4. Cell Live/Dead Assays

Figures 6a-c shows the results of the live/dead assay for the in-air printed constructs (7% GelMA printed at 21 ◦C),
softest constructs (5% GelMA printed at 37 ◦C), and stiffest constructs (10% GelMA printed at 24 ◦C). In our fluores-
cent staining, live cells appear green and dead cells appear red. The merged image indicates cell density distributions.
Figure 6d compares cell viability for these three printing conditions. Average cell viability, i.e., fraction of live-to-
dead cells averaged across the three samples, of the in-air printed construct seeded with 1.5 million cells, drops to
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Figure 5: Comparison of the stress-strain curves in a) compression and tension and in b) shear as well as c) the shear moduli for the softest support
bath printed, stiffest support bath printed, and in-air printed constructs, respectively. Each point represents the shear modulus from the fit of a single
sample and the horizontal black line indicates the shear modulus reported in Table 2 which is based on the averaged stress-strain behavior across
all three samples per printing condition. We statistically analyzed the effect of printing condition on shear modulus and indicate p< 0.05 with * ,
p< 0.01 with **, p< 0.001 with ***, and p< 0.0001 with ****.

71.28% by the third day, then recovers by 8% by day 5, and ultimately drops to 48.1% by the end of the 7-day obser-
vation period. For the softest support-bath printed construct seeded with 1.5 million cells, average cell viability first
decreases to 95.85% by day three, then drops by about 20% by day 5, and ultimately stabilizes around 73% for the
remaining observation period. For the stiffest support-bath printed construct seeded with 1.5 million cells, average
cell viability drops to 78% within the first three days and remains at a similar level of 74.06% and 80.55% by days
5 and 7, respectively. While there are no significant differences in cell viability between days 5 and 7, a notable
difference is observed between the initial day of cell seeding and day 3. After an initial decline, where the live cell
count drops by no more than 25%, cell viability appears to stabilize. The cell viability of the in-air printed construct
shows a significant difference only when compared to the softest construct on day 3. However, by day 7, there is
a significant difference in cell viability between the in-air printed construct when compared to both the softest and
stiffest support-bath printed constructs.

4. Discussion

4.1. Effect of material and printing parameters on construct stiffness

GelMA bioink has been extensively investigated in recent years [43, 50] and has exhibited substantial stiffness vari-
ations as a function of polymer concentration [51], crosslinking density [50], crosslinking time [52], and printing
temperature [53]. Owing to its high biocompatibility, GelMA has emerged as a prominent matrix material for cell-
laden bioinks [54–56]. Our support bath material contains LaponiteB, a synthetic disc-shaped clay nanoparticle,
known for its property to enhance overall structural integrity [6, 25]. Factors such as LaponiteB concentration, the
degree of nanoparticle dispersion within the hydrogel [57], crosslinking density, and support bath temperature [58]
contribute to the intrinsic viscosity and stiffness of the support bath material. Based on Fig. 4, we observe that GelMA
concentration, temperature, and cell density have a statistically significant effect on construct stiffness; support bath
temperature and UV crosslinking time have a weak (p<0.05) effect on construct stiffness; and LaponiteB concentra-
tion in the support bath is observed to show no direct effect on construct properties.
Higher GelMA concentrations generally yield a higher construct stiffness due to increased structural integrity resulting
from a denser matrix and smaller pore sizes [59]. Varying GelMA printing temperature also leads to statistically signif-
icant construct stiffness differences [60, 61]. Specifically, increasing GelMA temperature results in a softer construct
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Figure 6: Summary of cell viability assessment for in-air printed in comparison to the softest and stiffest support bath printed GelMA constructs
at specified concentrations and temperatures over a period of 7 days: representative live/dead cell assay images of a) in-air printed constructs with
7% GelMA concentration maintained at 21 ◦C, b) softest support bath printed construct with 5% GelMA concentration maintained at 37 ◦C, and
c) stiffest support bath printed construct with 10% GelMA concentration at 24 ◦C; d) cell viability for the three printing conditions at days 0, 3, 5,
and 7, respectively. Statistical significance is denoted by ∗ for p<0.05, by ∗∗ for p<0.01, and by ∗ ∗ ∗∗ for p<0.001. Magnification of the images
is 12x, and the scale bars are 50𝜇m.

response which we attribute to heat-sensitive hydrogen bonds in gelatin that reduce overall structural connectivity [62].
By extension, support bath temperature primarily affects the overall temperature of the hydrogel mixture. A support
bath temperature of 4◦C inherently lowers GelMA temperature during the printing process and, therefore, increases its
overall stiffness. A support bath temperature of 24◦C and higher contributes to a loss in bond strength and decreases
overall construct stiffness [62]. Interestingly, despite an approximate 50% increase in average construct stiffness in
group 5, we observe only weak statistically significant differences when extending crosslinking time from 40 to 60
seconds. Generally, extending curing time not only promotes further crosslinking within the polymer network but also
leads to the formation of additional covalent bonds, thereby enhancing the stiffness and overall structural strength of
the GelMA matrix [50]. We suspect that for our low-concentration hydrogels, GelMA concentrations are so low that
fewer additional covalent bonds are formed passed the 40 seconds mark. Lastly, the concentration of LaponiteB in the
support bath exhibits a minor influence on construct stiffness, a phenomenon we ascribe to its role in supporting the
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printing process rather than any direct chemical interaction with the GelMA material [63].
In previous work [6], we established that a 5% GelMA concentration combined with a UV crosslinking time of 40
seconds yields a balanced outcome between stability and compliance needed to replicate the lower range of stiffnesses
that typify vascular tissues [64]. This judicious selection of material conditions reflects the mechanical gradients
observed in vascular systems, where a softer endothelial layer is juxtaposed with the stiffer outer structural layers
[65, 66]. Given common stiffness ranges of soft tissues, we chose to test GelMA concentrations ranging from 5% to
10%, as well as UV crosslinking times between 40 and 60 seconds. Based on these printing conditions, we were able
to show that our constructs preserve integrity and are soft enough to support cellular health and functionality, a critical
aspect for biomedical applications [25, 27].

4.2. Increasing cell density decreases construct stiffness

Increasing cell density in our bioink significantly decreases overall construct stiffness by up to 67%. We attribute
this softening behavior to the displacement of GelMA material with live cells whereby the drop in GelMA volume
fraction reduces the amount of crosslinking during the curing process. Prior studies have established, that increments
in the prescribed cell density yields larger hydrogel matrix pore sizes and a weaker hydrogel matrix structure [31, 67].
In addition, changes in the material’s porosity affect its water retention capacity and osmotic balance [47]. These
corresponding alterations in the water composition invariably affect both elastic stiffness and time-dependent material
behavior of the printed construct [68]. To that end, it has been shown that the interactions between cells and GelMA
hydrogel are dynamic and alter hydrogel microstructure over time [67]. Cells actively remodel hydrogel matrix
through the release of metabolic byproducts and secretion of enzymes that degrade the gelatin-based components of
GelMA [69]. Furthermore, cells exert mechanical forces on the hydrogel matrix, thus altering its architecture with
direct implications on pore sizes and stiffness [70]. Besides mechanical forces, biochemical cues influence degradation
rate and crosslinking density. In the case of relatively long duration time courses for incubation, proliferating cells
deposit extracellular matrix components within the hydrogel which contributes to structural and mechanical property
changes [71]. As cells grow and start producing extracellular matrix within the GelMA, the constructs are expected
to become softer over time. This is due to the increasing cell density, which influences the mechanical properties by
creating a more cell-dominated matrix. Our results strengthen this explanation given the increased GelMA softening
with increased cell concentration.
Our study shows strong cell viability across a 7-day observation window in both our softest and stiffest constructs-
especially, when compared to our in-air printed construct that used common printing parameters, see Fig. 6. For
the support bath printed constructs, cell viability initially declines, then stabilizes by day 5. For the in-air printed
construct, we observe much lower cell viability, in general, and no stabilization of live cell count within the 7 day
observation period.
Our findings indicate that the support bath-based printing approach allows to fabricate constructs with mechanical
properties soft enough to be conducive to survival and proliferation of endothelial cells [72]. Specifically for endothe-
lial cells, it is noted that while stiffer constructs may promote higher proliferation rates [73, 74], there is a marked
preference for bioinks with lower stiffness in research scenarios that necessitate rapid degradation and precise control
over cellular invasion [25, 75]. This underscores the importance of tailoring the mechanical properties of bioinks to
meet the specific requirements for any biological studies that will be done. To that end, in-air printed constructs are
inherently stiffer, in part simply to maintain structural integrity of more complex structures such as a hollow cylinder.
The resulting environment, however, lowered cell survival in our study. The cells’ ability to sense their surrounding
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mechanical environment via mechanoreceptors enables them to dynamically respond to changes in their microenvi-
ronment [76]. Environments representative of the in vivo mechanical profile of soft tissues promote cell viability,
growth, and the deposition of extracellular matrix in support of long-term feasibility of cell-laden constructs [77, 78].

4.3. Support-bath printing enables soft specialized constructs

Interest in high-fidelity fabrication of 3D cell-laden hydrogel structures mimicking native tissues and organs is rapidly
growing [79]. There exists an intrinsic challenge, however, between approximating the soft nature of biological
tissues and creating complex construct geometries that preserve shape and mechanical integrity [80]. This is partic-
ularly evident in the presence of cells, which gradually remodel the hydrogel microstructure. We attribute this to the
hydrogel-based constructs degenerating faster than cells can deposit sufficient extracellular matrix to preserve shape
causing a significant decline in mechanical integrity [81]. Promoting long-term stability is critical for developing
medically useful engineered tissue applications. Thus far, only high-concentration bioinks have had sufficiently high
viscosity to confer structural stability during sequential layering [82, 83]. These high-density polymer networks,
however, serve to limit essential cellular functions, such as spreading, migration, and proliferation, and present an
environmental stiffness that is incompatible with cells of soft-tissue origin [84].
Recent innovations in support bath printing techniques have expanded the palette of available bioinks and allowed
the biofabrication of constructs optimized to meet the biological requirements of cell culture and tissue engineering.
Specifically, providing a structural support during the printing process and the ability to extract cell-laden hydrogel
constructs after curing makes support baths an intriguing alternative. As such, several recent studies have presented
shapes ranging from lattices and grid-like structures to more elaborate 3D structures mimicking hollow cubes, vessel-
like structures, pyramids, and hollow drums [58, 85–87].
All that being said, no standardized methods for fabrication and mechanical characterization of hydrogels exist today.
That makes comparison between studies difficult and limits our ability to define printing conditions that deliver con-
structs with desired properties. Moreover, most studies presented in literature rely on rheological experiments which
characterize tissues under compressive and shear loading and not under more physiological conditions that may in-
clude tensile and multiaxial loading [88]. Literature provides numerous studies exploring the stiffness of various types
of hydrogels based on different testing protocols [89–91]. Wu et al. conducted uniaxial tensile tests on rectangular
GelMA samples using an ElectroForce (TA Instruments, USA) system [89]. They measured Young’s moduli ranging
from 3 to 185 kPa based on uniaxial tensile tests up to 25% strain [89]. Adib et al. performed cyclic tensile tests on
dogbone-shaped GelMA samples using an Instron 3344 (Norwood, MA, USA) [90]. They reported Young’s moduli
ranging from 100 to 160 kPa with maximum tensile stresses of 20 to 25 kPa at 20% strain. Costantini et al. carried out
unconfined compression tests on cylindrical GelMA samples using an Instron 3365 (Norwood, MA, USA) [91]. They
reported substantially lower Young’s moduli of 1 to 16 kPa at 20% compressive strain. It is quite evident that stiffness
values range substantially and depend on a large number of factors. Our testing approach provides insight into the rich
3D deformation state, ranging from quasi-static to cyclic loading profiles. While our current analyses were limited
to a hyperelastic material response, our method provides extensive insight into the tension-compression asymmetry
and shear behavior of constructs. By using an inverse approach, we determine a single model parameter set that best
represents all three loading conditions rather than limiting ourselves to capturing each model individually.
Mechanical properties of biological tissues vary substantially with values ranging from hundreds of Pascals in the ex-
ample of mucus to several gigapascals in bone [92]. Our constructs have an overall average stiffness of 0.401± 0.54 kPa
and fall well within that range. Additionally, our values are comparable to the stiffness of individual cells (± 1 kPa)
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[93], but of many tissues and organs (∼ 1-10 kPa), such as the brain, cardiac tissues, and lung [92], as well. Our con-
struct geometry is primarily designed to vaguely mimic vasculature although we grossly simply its complex anatomy
by simply creating hollow cylinders. Real vasculature is made up of three layers: The outer adventitia layer which
provides structural support and shape to the vessel; the media or middle layer composed of elastic and muscular tissue
which regulates the internal diameter of the vessel; and the intima, or an inner layer, consisting of an endothelial lining
which provides a frictionless pathway for the movement of blood [94]. This anatomy gives rise to highly functional
properties that are expected to differ significantly from our observations here and would require a different testing
approach such as inflation-extension testing. We observe, for example, that in comparison to our constructs, vessels
are significantly stiffer (∼ 50 kPa) - mostly due to their high collagen content and highly anisotropic material response
that is optimized to sustain blood pressures between 70mmHg during diastole and 130mmHg during systole [38].

4.4. Limitations

Our study is not without limitations. For one, our construct’s hollow cylinder geometry may be inspired by arterial
tissue but they clearly lack their intricate functional capabilities as well as highly anisotropic, viscoelastic material
behavior. For the other, our triaxial testing machine is not the most suited setup to explore the mechanical properties
of a tubular structure. For example, inflation-extension tests are much more common in determining the mechanical
properties of arteries and vessels[38]. In the bioprinting-focused work here, we primarily aim to study the effect of
critical printing parameters on the overall mechanical properties before working towards better tissue-mimics. Lastly,
our tests are conducted in air rather than in a water bath. Therefore, we developed a protocol such that the time
between removing a sample from the support bath and completing all its experimental tests is less than 10 minutes.
We pose that this time frame is too short to substantially affect the construct’s mechanical behavior. Nonetheless,
future work should aim to assess the impact of a water bath on the mechanical response of our bioprinted constructs.

5. Conclusion

Our study explored the effects of various material and printing parameters on the stiffness of tubular low-concentration
GelMA constructs fabricated via the support bath printing method. By combining multiaxial mechanical testing and
inverse finite element analysis, we were able to show that the stiffness of our tubular constructs varies between 0.07
and 2.2 kPa which matches the stiffness of many cells and tissues. The beneficial mechanical environment of our
soft constructs is reflected in a very high cell survival rate of around 85% across a 7-day observation period. This
research not only enhances our understanding of the impact of printing parameters on the mechanical properties of
bioprinted constructs but also paves the way for the ongoing development of bioprinting protocols to create complex
tissue-mimicking constructs.
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 We use support bath printing to create geometrically complex 
constructs from low viscosity GelMa

 We demonstrate that endothelial cells show higher cell viability in our 
ultrasoft constructs compared to in-air printed samples that are 
inherently stifer

 We perform tri-axial mechanical characterization of our constructs and 
perform inverse fnite elements to derive optimal model parameters

 Our study explore the impact of critical printing parameters on overall 
construct sifness to enable future tuning to desired mechanical 
properties
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