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A B S T R A C T

The planning of a bioprinting procedure requires the definition of several process variables. In
extrusion-based bioprinting these are, for instance, the printing pressure, the nozzle diameter,
the target extrusion velocity and/or mass flow rate. They should be properly set in order to
allow printability of the bio-ink, as well as to ensure high cell viability at the end of the
process. In fact, printing procedures expose cells to shear and extensional stresses that can lead
to mechanobiological damage mechanisms. Bioprinting planning is then a challenging task since
process variables are closely interconnected each other through the physical response of bio-
inks. Non-Newtonian characteristics of bio-inks, together with possible complex geometries of
the extruding system, generally introduce a strong non-linear coupling among process variables.
To date, the bioprinting planning in laboratory practice is generally performed via expensive
and time-consuming trial-and-error procedures. The aim of this work is the development of
novel methodological approaches for an informed definition of printing process variables such
to guarantee target conditions of the outcome. The non-linear coupling among dominant process
variables is described via a semi-analytical approach, calibrated through high-fidelity numerical
solutions and defined via a reduced-order modeling strategy. A cell damage law depending
on bioprinting conditions is also introduced, generalizing state-of-the-art approaches on the
basis of available experimental evidence. The proposed framework allows to build operative
nomograms, whose practical utility is confirmed via some exemplary applications. The latter
address the prediction of extrusion velocity, mass flow rate and cell viability, when both the
printing pressure and nozzle diameter vary within typically-adopted ranges. The analyzed case
studies highlight soundness and effectiveness of such a modeling strategy in providing a clear
and straight pathway for planning and setup of bioprinting processes.

1. Introduction

Bioprinting is an additive manufacturing technology used to fabricate artificial cell-laden constructs for various tissue engineering
applications [1–8]. In particular, with reference to the extrusion-based technique [9–11], a suspension of viable cells and bioma-
terials, often referred to as bio-ink [12], is loaded into the printing system, extruded through a syringe with varying cross-section
and deposited layer-by-layer on a platform to build a three-dimensional construct [13].

Notwithstanding recent advancements in this research field, there are still many open issues and challenging tasks pertaining to
the planning of a bioprinting procedure [14–19] and the optimal setting of the involved process variables [20–22]. By referring to
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Fig. 1. Schematic representation of the extrusion process (on the left). Extrusion domain (analogous to the one reported in [27]); notation and a detail of the
computational mesh adopted in high-fidelity CFD simulations (on the right).

extrusion-based bioprinting, typical process variables are the printing pressure, the nozzle diameter, the target extrusion velocity
and/or the mass flow rate. Their optimal choice is strictly dependent on the specific application, and they should be set not only to
fulfill technological demands (e.g., printability, process speed, resolution) but also in order to ensure the highest cell viability at the
end of the process [15]. As a matter of fact, the printing mechanisms expose cells to mechanical stresses that can induce damage
phenomena, generally associated to the disruption of the outer cell membrane or the onset of apoptotic signals [23–26]. In particular,
possible cell damage is produced by dominant shear effects affecting the bio-ink flowing through the extruder nozzle [27–29], and/or
by extensional mechanisms to which cells dispersed into the bio-ink undergo as a result of the abrupt cross-section reduction that
usually characterizes the extruder geometry at the nozzle inlet [13,27,30,31].

The optimal setting of process variables is further complicated by non-linear and coupled relationships among process vari-
ables [20,32], often affected by counteracting needs. For instance, high mass flow rate is desirable to speed-up printing operations
but, at the same time, it generally leads to high stresses that may affect cell viability [33]. Nozzles with small diameter allow to
obtain high printing resolutions but these are associated also with high printing pressures, potentially leading to low printability
and increased risk of cell damage [15,27–29,34,35]. To date, bioprinting planning in the laboratory practice is generally based on
heuristic approaches, leading to expensive and time-consuming trial-and-error attempts [32].

In this context, the present work proposes a novel methodological strategy towards a rational and effective planning of bioprinting
procedures. The bio-ink fluid-dynamics associated to the extrusion process is numerically reproduced by modeling the bio-ink as
an incompressible non-Newtonian viscous fluid, characterized by a shear-thinning rheological behavior. Furthermore, a measure of
cell viability is established on the basis of a novel cell damage model. The latter is formulated in agreement with the experimental
evidence available in literature, by generalizing the shear-based approach proposed by Han et al. [28] with a description of cell
distributions within the nozzle during extrusion, and accounting for extensional mechanisms. High-fidelity numerical simulations are
employed to define and calibrate a semi-analytical reduced-order modeling approach that introduces straightforward relationships
among coupled fundamental process variables. Based on these relationships, process-specific nomograms are built, furnishing useful
and simple design tools for planning extrusion-based bioprinting processes via fast graphical indications. Such nomograms allow,
for instance, to easily obtain how the extrusion velocity, mass flow rate and cell viability are affected by both nozzle diameter and
printing pressure, or otherwise how the printing pressure should be varied to guarantee a constant extrusion velocity, mass flow rate
or cell viability when different nozzle diameters are employed. The proposed computational workflow is calibrated and validated
using existing experimental evidence on two case studies with different bio-inks composition [28].

2. Materials and methods

In the present section, theoretical and computational modeling strategies adopted to describe the bio-ink extrusion process and
cell damage mechanisms are introduced.

2.1. Bio-ink extrusion description

The extrusion bioprinting process is modeled by describing the bio-ink as an incompressible and non-Newtonian viscous fluid,
undergoing a laminar and isothermal flow regime when an inlet–outlet pressure difference is applied [27,36,37]. By referring to
the notation defined in Fig. 1, the cylindrical coordinate system (𝑟, 𝜃, 𝑧) is introduced with unit basis vectors 𝒆 , 𝒆 and 𝒆 . The
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extrusion domain 𝛺 is considered as axisymmetric, the symmetry axis being coincident with the 𝑧-axis. Moreover, the boundary 𝜕𝛺
s regarded as 𝜕𝛺 = 𝛴𝑤 ∪𝛴𝑖 ∪𝛴𝑜, where 𝛴𝑤, 𝛴𝑖 and 𝛴𝑜 identify, respectively, the rigid wall of the extrusion domain 𝛺 (comprising

cartridge and nozzle contiguous regions), the inflow cross-section of the cartridge at 𝑧 = 0, and the outflow cross-section of the
nozzle at 𝑧 = 𝐿𝑐 + 𝐿𝑛. Here, 𝐿𝑐 and 𝐿𝑛 are the cartridge and nozzle lengths, respectively. By disregarding any effect induced by
volume forces, the steady-state response of the bio-ink is described by the following differential problem:

Problem 1. Find the velocity field 𝒗(𝑟, 𝜃, 𝑧) = 𝑣𝑟𝒆𝑟 + 𝑣𝜃𝒆𝜃 + 𝑣𝑧𝒆𝑧 and the pressure field 𝑝(𝑟, 𝜃, 𝑧) such that:

∇ ⋅ 𝒗 = 0 in 𝛺 (1a)

𝜌 𝒗 ⋅ ∇𝒗 = −∇𝑝 + ∇ ⋅ 𝝉 in 𝛺 (1b)

𝒗 = 𝟎 on 𝛴𝑤 (1c)

𝒗 = 𝑣𝑧(𝑟)𝒆𝑧 on 𝛴𝑖 (1d)
[

(−𝑝𝑰 + 𝝉)𝒆𝑧
]

⋅ 𝒆𝑧 = −𝑝 on 𝛴𝑜 (1e)

here 𝜌 is the bio-ink density (assumed to be constant), 𝝉 is the symmetric second-order deviatoric stress tensor, 𝑣𝑧 and 𝑝 are
ssigned inlet velocity and outlet pressure profiles, respectively.

The symmetric second-order deviatoric stress tensor 𝝉 is described by a generalized Newtonian law, reading [38]:

𝝉 = 2𝜇(�̇�)𝑫 = 𝜇(�̇�)
[

∇𝒗 + (∇𝒗)𝑇
]

, (2)

here the second-order strain-rate tensor 𝑫 corresponds to the symmetric part of the velocity gradient ∇𝒗, and 𝜇 is the dynamic
iscosity. The latter is assumed to depend on 𝑫 via the shear rate �̇� =

√

2𝐽2(𝑫), with 𝐽2 = 𝑫 ∶ 𝑫 being the second main strain-rate
nvariant.

The rheological behavior of the bio-ink is described by the 5-parameter Carreau–Yasuda model [39]:

𝜇(�̇�) = 𝜇∞ +
(

𝜇0 − 𝜇∞
)

[

1 + (𝜆�̇�)𝑎
]
𝑛−1
𝑎 , (3)

here 𝜇0 is the dynamic viscosity as �̇� = 0, 𝜇∞ is the asymptotic value of 𝜇 when �̇� → ∞, 𝜆 is a relaxation time constant, 𝑎 is a
dimensionless parameter, and 𝑛 is a power-law exponent [24]. Bio-inks generally exhibit a shear-thinning behavior [12,40–42], that
s the dynamic viscosity decreases as the shear rate increases, obtained from Eq. (3) when 𝜇0 > 𝜇∞ and 0 ≤ 𝑛 < 1.

Given the problem symmetry, both pressure and velocity unknown fields do not depend on the angular coordinate 𝜃 and 𝑣𝜃 = 0
everywhere in 𝛺. Hence, the deviatoric stress tensor 𝝉, the strain rate tensor 𝑫 and the shear rate �̇� read:

𝝉 =
⎡

⎢

⎢

⎣

𝜏𝑟𝑟 0 𝜏𝑟𝑧
0 𝜏𝜃𝜃 0
𝜏𝑟𝑧 0 𝜏𝑧𝑧

⎤

⎥

⎥

⎦

, (4)

𝑫 =
⎡

⎢

⎢

⎣

𝐷𝑟𝑟 0 𝐷𝑟𝑧
0 𝐷𝜃𝜃 0

𝐷𝑟𝑧 0 𝐷𝑧𝑧

⎤

⎥

⎥

⎦

=

⎡

⎢

⎢

⎢

⎣

𝜕𝑣𝑟
𝜕𝑟 0 1

2

(

𝜕𝑣𝑟
𝜕𝑧 + 𝜕𝑣𝑧

𝜕𝑟

)

0 𝑣𝑟
𝑟 0

1
2

(

𝜕𝑣𝑟
𝜕𝑧 + 𝜕𝑣𝑧

𝜕𝑟

)

0 𝜕𝑣𝑧
𝜕𝑧

⎤

⎥

⎥

⎥

⎦

, (5)

�̇� =

{(

𝜕𝑣𝑧
𝜕𝑟

+
𝜕𝑣𝑟
𝜕𝑧

)2

+ 2

[(

𝜕𝑣𝑟
𝜕𝑟

)2

+

(

𝑣𝑟
𝑟

)2

+

(

𝜕𝑣𝑧
𝜕𝑧

)2]}1∕2

. (6)

Therefore, given the incompressibility condition in Eq. (1a), the power of internal forces per unit volume 𝑤 results in [43]:

𝑤 = (−𝑝𝑰 + 𝝉) ∶ 𝑫 =
(

𝜏𝑧𝑧 − 𝜏𝑟𝑟
)

𝐷𝑧𝑧 +
(

𝜏𝜃𝜃 − 𝜏𝑟𝑟
)

𝐷𝜃𝜃 + 2𝜏𝑟𝑧𝐷𝑟𝑧 . (7)

In order to describe cell damage mechanisms, it is convenient to decouple extensional and shear effects within the power density
𝑤. To this aim, let a local reference system (𝐧, 𝐭) be introduced, where 𝐭(𝑟, 𝑧) and 𝐧(𝑟, 𝑧) denote respectively the tangent and normal
nit vectors to a bio-ink particle trajectory (see Fig. 1). Accordingly, the power of internal forces per unit volume can be written
s:

𝑤 =
(

𝜏𝑡𝑡 − 𝜏𝑛𝑛
)

𝐷𝑡𝑡 +
(

𝜏𝜃𝜃 − 𝜏𝑛𝑛
)

𝐷𝜃𝜃 + 2𝜏𝑛𝑡𝐷𝑛𝑡 = 𝑤𝑒 +𝑤𝑠 , (8)

here 𝑤𝑒 and 𝑤𝑠 identify the rates of viscous dissipation induced respectively by extensional and shear effects, reading:

𝑤𝑒 =
(

𝜏𝑡𝑡 − 𝜏𝑛𝑛
)

𝐷𝑡𝑡 +
(

𝜏𝜃𝜃 − 𝜏𝑛𝑛
)

𝐷𝜃𝜃 , (9a)

𝑤𝑠 = 2𝜏𝑛𝑡𝐷𝑛𝑡 . (9b)

The extensional dissipation 𝑤𝑒 can be also expressed as 𝑤𝑒 = 𝜏𝑒�̇�, where 𝜏𝑒 is the extensional stress and �̇� is the extensional stretch
rate. The latter is defined from the third principal strain-rate invariant 𝐼3(𝑫) = det𝑫 as [44,45]:

�̇� =
6 𝐼3(𝑫)

= 6 det𝑫 . (10)
3
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Fig. 2. Cell damage experimental measurements from Han et al. [28] (human dermal fibroblasts suspended in a 3 wt% alginate-based aqueous solution) and Li
et al. [29] (murine 3T3 fibroblasts suspended in a 6 wt% alginate-based aqueous solution). (a) Evolution of cell damage when 𝛥𝑝 varies at fixed 𝐷. (b) Evolution
of cell damage when 𝐷 varies at fixed 𝛥𝑝.

Hence, by combining Eqs. (9a) and (10), the extensional stress 𝜏𝑒 reads:

𝜏𝑒 =
𝑤𝑒
�̇�

=

[(

𝜏𝑡𝑡 − 𝜏𝑛𝑛
)

𝐷𝑡𝑡 +
(

𝜏𝜃𝜃 − 𝜏𝑛𝑛
)

𝐷𝜃𝜃
]

𝐽2(𝑫)
6 𝐼3(𝑫)

. (11)

.2. Cell damage modeling

During extrusion cells may experience damage. Due to the low cell volume fractions in typical bio-inks, cell–cell interactions are
ot believed to play a major role on cell damage, which is instead attributed only to mechanical stresses induced by the interaction
etween cells and the surrounding material [28]. Furthermore, it can be generally assumed that stresses acting on cells are well-
pproximated by local stresses associated to the flow conditions of the equivalent homogeneous fluid describing the bio-ink [13,46].
io-ink flow is strongly affected by the extruder geometries, typically characterized by an abrupt contractive region connecting the
artridge body to the nozzle (see Fig. 1). Accordingly, when the bio-ink flows through such a contractive region, fluid particles
ndergo significant extensional effects; on the other hand, when the bio-ink is forced to flow through the nozzle, shear effects
ecome dominant [27]. Specifically, shear effects are commonly considered the main cause of cell damage [28,40,47–49], with
hear-based damage mechanisms mainly influenced by both shear stress level and stress exposure time [27,29,50] or travel distance
n the nozzle [28].

Let the scalar 𝑑 be introduced as a global measure of cell damage at the end of the extrusion process, so that 𝑑 = 0 (respectively,
𝑑 = 1) means that all cells are alive (respectively, dead). Accordingly, cell viability 𝑐𝑣 at the end of the extrusion process is quantified
as:

𝑐𝑣 = 1 − 𝑑 . (12)

Experimental evidence obtained with cylindrical nozzles highlights that, for a given nozzle diameter 𝐷, the cell damage 𝑑
increases with the printing pressure 𝛥𝑝 [15,27–29,34,35] (see Fig. 2(a)). On the other hand, when the printing pressure 𝛥𝑝 is
fixed and the nozzle diameter 𝐷 increases, experimental results reported in literature indicate that cell damage 𝑑 may either
increase [27,28] (scenario 1 in Fig. 2(b)) or decrease [29,34,35] (scenario 2 in Fig. 2(b)). The multifactorial nature of cell damage
does not allow to exclude that both scenarios are trustable, possibly depending on the cell type, biophysical properties of the hydrogel
comprising the bio-ink, and flow conditions. Thereby, a damage model able to reproduce both the previously-introduced behaviors
is here developed.

2.2.1. State-of-the-art approach: the damage model by Han et al. (2021)
In the state-of-the-art, Han et al. in [28] proposed a cell damage law derived from the logistic differential equation and validated

towards a wide range of bioprinting conditions. The damage law proposed in [28] reads:

𝑑 ≡ 𝑑𝐻 (𝑊𝑝) = 𝑑𝑚𝑎𝑥 −
(

𝑑𝑚𝑎𝑥 − 𝑑0
)

exp
(

−𝑎𝑝𝑊𝑝

)

, (13)

where 𝑊𝑝 is the pressure work, that is a measure of the energy required to move fluid particles against pressure forces, and 𝑎𝑝 > 0,
𝑑 ≥ 0 and 𝑑 > 0 are model parameters, with 𝑎 governing the sensitivity of cell damage by 𝑊 , 𝑑 being a reference measure of
4
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Fig. 3. Equivalent area 𝐴𝑒𝑞 (interested by cell distribution) vs. nozzle area 𝐴. Qualitative description of the influence of model parameters introduced in Eq. (16).

the cell damage at the inlet section of the nozzle and 𝑑𝑚𝑎𝑥 being the asymptotic damage level for high values of 𝑊𝑝. The damage
law in Eq. (13) is specialized to the case of a cylindrical nozzle of diameter 𝐷 and length 𝐿𝑛 by observing that the pressure field in
the nozzle is linearly depending on the axial coordinate 𝑧, that is 𝑝(𝑧) = (𝛥𝑝𝑛∕𝐿𝑛)(𝐿𝑐 + 𝐿𝑛 − 𝑧) (see Fig. 1), where 𝛥𝑝𝑛 denotes the
total pressure drop in the nozzle. Accordingly, in this case the pressure work 𝑊𝑝 reads [28]:

𝑊𝑝 = 𝐴∫

𝐿𝑐+𝐿𝑛

𝐿𝑐

𝑝(𝑧) 𝑑𝑧 = 1
2
𝛥𝑝𝑛𝐴𝐿𝑛 , (14)

where 𝐴 = 𝜋𝐷2∕4 is the nozzle cross-section area. For cylindrical nozzles, 𝑊𝑝 in Eq. (14) can be equivalently formulated as
𝑊𝑝 = (3𝜏𝑠𝐿𝑛∕𝐷)𝐴𝐿𝑛, where 𝜏𝑠 = 𝛥𝑝𝑛𝐷∕(6𝐿𝑛) is the average shear stress over the nozzle cross-section, hence combining the effects
of both shear stresses and travel distance. Given the proportionality between 𝑊𝑝 and 𝜏𝑠, the damage law by Han et al. (2021) in
Eq. (13) describes then only shear-related damage.

Finally, it is noteworthy that, when a fixed value of 𝛥𝑝𝑛 is considered, the pressure work 𝑊𝑝 in Eq. (14) is directly proportional to
the nozzle diameter 𝐷, Eq. (13) describing only damage in agreement with experimental evidence in scenario 1, but not in scenario
2 (see Fig. 2(b)).

2.2.2. Proposed generalized model
In order to introduce a damage law able to overcome limitations of the previously-recalled cell damage model, two generaliza-

tions related to the definition of the pressure work 𝑊𝑝 and to the model parameter 𝑑0 are proposed in the following.

• The equivalent pressure work. Aiming to introduce a damage law able to account also for the possible cell damage reduction
when, for a fixed printing pressure, the nozzle diameter increases, a generalization in the definition of the pressure work is
proposed. In particular, an equivalent pressure work 𝑊 𝑒𝑞

𝑝 is introduced as:

𝑊 𝑒𝑞
𝑝 = 1

2
𝛥𝑝𝑛𝐴𝑒𝑞𝐿𝑛 , (15)

defined in terms of an equivalent nozzle area 𝐴𝑒𝑞 ≤ 𝐴. This choice is justified since cells are not necessarily evenly distributed
over the entire nozzle cross-section. In fact, referring to solid particles dispersed within a fluid flow in a channel, several studies
show that the distribution of particles over the channel cross-section may vary, for instance, with the rheological properties
of the fluid and the ratio of channel to particle diameter [51–53]. Hence, 𝐴𝑒𝑞 identifies a measure of the area portion of the
nozzle cross-section interested by cell distribution and it is here described as:

𝐴𝑒𝑞(𝐴) ∶=

⎧

⎪

⎨

⎪

⎩

𝐴 exp
(

−𝑘1𝐴
)

if 0 < 𝐴 ≤ 𝐴0

𝐴𝑒𝑞,0 + (𝐴𝑒𝑞,∞ − 𝐴𝑒𝑞,0)
[

1 − exp
(

−𝑘2
(

𝐴 − 𝐴0
)

)]

if 𝐴 > 𝐴0
, (16)

with 𝐴0 > 0, 𝐴𝑒𝑞,∞ > 0, 𝑘1 ≥ 0 and 𝑘2 ≥ 0 being model parameters and 𝐴𝑒𝑞,0 = 𝐴0 exp
(

−𝑘1𝐴0

)

. As shown in Fig. 3, very different
relationships between the effective 𝐴𝑒𝑞 and the total 𝐴 nozzle areas are permitted by Eq. (16), such to reproduce a variety of
experimental outcomes. In particular, as it will be shown in the following (see Section 3), the proposed generalization of the
pressure work allows to describe both experimental scenarios depicted in Fig. 2(b).
5
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• Extensional-induced damage effects. The damage model proposed in [28] is herein further generalized in order to describe
the experimental evidence that some cell lines are particularly sensitive to extensional stresses [27,54,55]. As previously
outlined, and as numerical results presented in the following prove (see Section 3), extensional stresses are significant at
the contractive region of the cartridge–nozzle connection, and specifically close to the inlet nozzle cross-section, while shear
stresses are dominant in the nozzle.
Accordingly, Eq. (13) is regarded as describing damage occurring within the nozzle domain only. Extensional damage is
accounted for by characterizing the damage level at the nozzle entrance as function of extensional stresses, namely by providing
a non-constant description of the quantity 𝑑0. Cells are exposed to extensional stresses only within the contractive range, and
then for a very short time period/travel distance when compared to shear-stress effects in the nozzle. Thus, the extensional
cell damage is assumed to be related only to the magnitude of the extensional stresses [27], and in particular to their average
measure 𝜏𝑒 at the nozzle inlet (i.e., at 𝑧 = 𝐿𝑐 , Fig. 1), that can be computed via Eq. (11) as:

𝜏𝑒 =
1
𝐴 ∫

𝐷∕2

0
𝜏𝑒||𝑧=𝐿𝑐

2𝜋𝑟 𝑑𝑟 . (17)

Following the approach proposed in [27], the cell damage 𝑑𝑒 induced by extensional mechanisms is described as:

𝑑𝑒(𝜏𝑒) = 𝑑𝑒,𝑚𝑎𝑥

[

1 − exp
(

−𝑎𝑒𝜏𝑒
𝑏𝑒
)

]

, (18)

where 𝑑𝑒,𝑚𝑎𝑥 ≥ 0, 𝑎𝑒 > 0 and 𝑏𝑒 > 0 are model parameters.

Therefore, by considering 𝑑0 = 𝑑𝑒(𝜏𝑒) and by replacing 𝑊𝑝 with 𝑊 𝑒𝑞
𝑝 in Eq. (13), the cell damage law proposed in this work

eads:

𝑑(𝑊 𝑒𝑞
𝑝 , 𝜏𝑒) = 𝑑𝑚𝑎𝑥 −

{

𝑑𝑚𝑎𝑥 − 𝑑𝑒,𝑚𝑎𝑥

[

1 − exp
(

−𝑎𝑒𝜏𝑒
𝑏𝑒
)

]}

exp
(

−𝑎𝑝𝑊 𝑒𝑞
𝑝

)

. (19)

For a comparison between damage mechanisms, the extensional damage law 𝑑𝑒 in Eq. (18) will be compared with a measure of cell
damage 𝑑𝑠 caused by shear stress only, estimated as:

𝑑𝑠(𝑊 𝑒𝑞
𝑝 , 𝜏𝑒) = 𝑑(𝑊 𝑒𝑞

𝑝 , 𝜏𝑒) − 𝑑𝑒(𝜏𝑒) . (20)

2.3. High-fidelity models: CFD simulations

The analytical solution of a Carreau–Yasuda fluid flow problem described by Eqs. (1a)–(1e) within general extruder geometries
is generally not possible [24]. Thus, computational fluid dynamics (CFD) simulations have been performed by using a mixed
Galerkin finite-element formulation. The computational domain describing the axisymmetric geometry in Fig. 1 is discretized via
axisymmetric 𝑃2𝑃1 triangular elements in the (𝑟, 𝑧) plane. The finite-element formulation is implemented through the AceGen
package of Wolfram Mathematica [56,57]. Velocity and pressure fields are interpolated via quadratic and linear lagrangian shape
functions, respectively. Such a finite-element formulation belongs to the Taylor–Hood family of Stokes elements that satisfies the
inf–sup stability condition [58].

In bioprinting applications the expected Reynolds numbers are in the range 10−5 ÷ 10−1, since the bio-ink density, the extrusion
velocity, the nozzle diameter and the bio-ink dynamic viscosity are in the order of 103 kg/m3, 10−2 m∕s, 10−4 m and 10−2÷102 Pa s,
respectively. Hence, a laminar flow regime can be considered. Moreover, since a fully-developed state is expected to be attained
within the nozzle close to the contractive region, a reduced length 𝐿′

𝑛 < 𝐿𝑛 can be considered for the nozzle domain in order to
reduce the computational effort. Based upon mesh sensitivity analyses, 45 000 ÷ 55 000 elements are considered in the geometric
discretization of the domain. Meshes are refined at the cartridge–nozzle connection, where the highest gradients in the solution
are expected. Consistently with the differential problem introduced in Section 2.1, the following boundary conditions have been
implemented (see notations in Fig. 1):

• the velocity profile at the inlet section (i.e., at 𝑧 = 0) is defined by referring to the velocity profile of a Newtonian–Poiseuille
flow, that is by prescribing 𝑣𝑧 = 2

[

𝑣(𝐷∕𝐷𝑖𝑛)2
][

1 − (2𝑟∕𝐷𝑖𝑛)2
]

, where 𝑣 is the mean outflow velocity;
• the pressure profile at the computational outflow boundary (i.e., at 𝑧 = 𝐿𝑐 + 𝐿′

𝑛) is prescribed as uniform and equal to zero,
as a reference value.

he choice to impose a Newtonian velocity profile at the inlet boundary is justified by the fact that the low mean inflow velocity and
he large inlet diameter are associated with low shear rates; therefore, close to the inlet region the fluid behaves like a Newtonian
ne with dynamic viscosity equal to 𝜇0.

In order to perform post-processing analyses, numerical CFD solutions have been employed to compute the following quantities:

• the pressure drop 𝛥𝑝𝑐 in the contractive region of the extruder, that is for 0 ≤ 𝑧 ≤ 𝐿𝑐 ;
• the average extensional stress 𝜏𝑒 as defined in Eq. (17);
• the pressure drop per unit length 𝛥𝑝𝑛∕𝐿𝑛 in the nozzle, that is for 𝐿𝑐 ≤ 𝑧 ≤ 𝐿𝑐 + 𝐿𝑛, and estimated from CFD results as:

𝛥𝑝𝑛 ≃
𝑝|𝑧=𝐿𝑐

− 𝑝|𝑧=𝐿𝑐+𝐿′
𝑛

′ . (21)
6
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2.4. Reduced-order model and nomograms

The results obtained from CFD simulations have been used to build a reduced-order (semi-analytical) model able to synthetically
escribe the relationships among fundamental process variables. In detail, the post-processing quantities 𝛥𝑝𝑐 , 𝜏𝑒 and 𝛥𝑝𝑛 are

normalized with respect to the following process variables:

• fluid properties: bio-ink density 𝜌 and average measure 𝜇 of the dynamic viscosity, defined as 𝜇 = (𝜇0 + 𝜇∞)∕2;
• extrusion settings: mean outflow velocity 𝑣;
• geometric features: nozzle diameter 𝐷 and diameter 𝐷𝑖𝑛 of the inlet section for 𝛥𝑝𝑐 and 𝜏𝑒; nozzle diameter 𝐷 and nozzle

length 𝐿𝑛 for 𝛥𝑝𝑛.

y applying the Buckingham 𝜋 Theorem for dimensional analysis [59], the following relationships can be obtained for the normalized
post-processing quantities (indicated via the superscript 𝑛):

𝛥𝑝𝑛𝑐 =
𝛥𝑝𝑐
𝜇 𝑣
𝐷

= 𝑓

(

𝑅𝑒, 𝐷
𝐷𝑖𝑛

)

, (22a)

𝜏𝑒
𝑛 =

𝜏𝑒
𝜇 𝑣
𝐷

= 𝑔

(

𝑅𝑒, 𝐷
𝐷𝑖𝑛

)

, (22b)

(

𝛥𝑝𝑛
𝐿𝑛

)𝑛
=

𝛥𝑝𝑛
𝐿𝑛

𝐷2

𝜇 𝑣
= ℎ

(

𝑅𝑒, 𝐷
𝐿𝑛

)

, (22c)

here 𝑅𝑒 = (𝜌𝑣𝐷)∕𝜇 is a reference Reynolds number, and 𝑓 , 𝑔 and ℎ are dimensionless functions to be determined. Inspired by a
eneralized form of the Hagen–Poiseuille law, Eqs. (22a)–(22c) are expressed via power-law relationships:

𝑦 = 𝛼𝑦(𝜉)𝑅𝑒
−𝛽𝑦(𝜉) , (23)

here 𝑦 = 𝛥𝑝𝑛𝑐 and 𝜉 = 𝐷∕𝐷𝑖𝑛 for Eq. (22a), 𝑦 = 𝜏𝑒
𝑛 and 𝜉 = 𝐷∕𝐷𝑖𝑛 for Eq. (22b) and 𝑦 = (𝛥𝑝𝑛∕𝐿𝑛)𝑛 and 𝜉 = 𝐷∕𝐿𝑛 for Eq. (22c).

oreover, quantities 𝛼𝑦 and 𝛽𝑦 are expressed, in turn, as power-law functions of the corresponding dimensionless geometric ratio
:

𝛼𝑦(𝜉) = 𝛼𝑦,1𝜉
𝛼𝑦,2 + 𝛼𝑦,3 , (24a)

𝛽𝑦(𝜉) = 𝛽𝑦,1𝜉
𝛽𝑦,2 + 𝛽𝑦,3 , (24b)

arameters 𝛼𝑦,𝑖 and 𝛽𝑦,𝑖 (with 𝑖 = 1, 2, 3) being determined via a 2-step calibration procedure described in Appendix A. It is noteworthy
hat, since the non-Newtonian character of the bio-ink, coefficients 𝛼𝑦,𝑖 and 𝛽𝑦,𝑖 are expected to be dependent on the rheological
roperties of the fluid.

Once such a reduced-order model has been calibrated, specific bio-ink nomograms can be built. Such diagrams graphically
ummarize the non-linear relationships among five important coupled process variables:

• two process inputs: the nozzle diameter 𝐷 and the printing pressure 𝛥𝑝;
• three process outputs: the mass flow rate �̇�, the extrusion velocity 𝑣, and the cell viability 𝑐𝑣.

Nomograms are here built in the plane of printing pressures 𝛥𝑝 and nozzle diameters 𝐷. Three families of isopleths are obtained:
at constant mass flow rate �̇�, at constant extrusion velocity 𝑣 and at constant cell viability 𝑐𝑣. In detail, the printing pressure 𝛥𝑝 is
evaluated as 𝛥𝑝 = 𝛥𝑝𝑐 + 𝛥𝑝𝑛, where 𝛥𝑝𝑐 and 𝛥𝑝𝑛 are determined from Eqs. (22a) and (22c); the extrusion velocity 𝑣 results from the
continuity condition �̇� = 𝜌𝐴𝑣 when isopleths for constant values of �̇� are addressed; the non-linear system defined by Eqs. (12),
(15), (19), (22b) and (22c) is solved in the case of isopleths for constant values of 𝑐𝑣.

3. Results and discussion

Alginate-based hydrogels mixed with human dermal fibroblasts CCD-986sk (CRL-1947, ATCC, Rockville, MD, USA) are con-
sidered as bio-inks. Cell density is equal to 1.5÷2.0×106 cells/mL and the preparation protocol is described in [28]. Two different
alginate weight concentrations have been considered, that is 3 wt% (bio-ink 1) and 2 wt% (bio-ink 2). The corresponding rheological
parameters have been obtained by least-squares fittings of rheometry data reported in [28] and obtained via a cone-plate rotational
approach. Table 1 summarizes the obtained Carreau–Yasuda rheological parameters (coefficient of determination 𝑅2 = 0.999),
together with alginate weight concentrations and mass densities. The extruder geometrical parameters adopted for the analyzed
case studies (see Fig. 1) are reported in Table 2. In agreement with commercially-available devices [60], nozzle diameters 𝐷 in the
range 0.15 ÷ 0.51 mm have been considered. Moreover, different values of the extrusion velocity 𝑣 have been analyzed within the
ommon range of interest for extrusion-based bioprinting processes (6÷24 mm/s, in agreement with [47]).

Section 3.1 present detailed analyses of the entire in-silico strategy for bio-ink 1, while for the sake of compactness only the main
esults obtained for bio-ink 2 are reported in Section 3.2.
7



Computer Methods in Applied Mechanics and Engineering 419 (2024) 116685F. Chirianni et al.
Fig. 4. Dynamic viscosity 𝜇 vs. shear rate �̇� for the bio-inks employed in numerical applications. Experimental data [28] and least-squares fittings based on the
adopted Carreau–Yasuda model (𝑅2 = 0.999).

Table 1
Material properties for the alginate-based bio-inks analyzed in the present work and reported in [28].

Bio-ink wt 𝜌 𝜇0 𝜇∞ 𝜆 𝑛 𝑎
[%] [kg/m3] [Pa s] [Pa s] [s] [–] [–]

1 3 1000 18.190 0.001 0.02453 0 0.5035
2 2 1000 4.176 0.001 0.01560 0.1562 0.5800

Table 2
Geometrical parameters adopted for defining the extruder model (see Fig. 1).
𝐷𝑖𝑛 𝐷′ 𝐿′

𝑐 𝐿𝑐 = 𝐿′
𝑛 𝐿𝑛 𝐷

[mm] [mm] [mm] [mm] [mm] [mm]

2.64 1.98 1.08 1.53 11.9 0.15÷0.51

Fig. 5. Case study with bio-ink 1, 𝐷 = 0.33 mm and 𝑣 = 15 mm/s. Contour plots of: (a) axial velocity 𝑣𝑧 [mm/s]; (b) radial velocity 𝑣𝑟 [mm/s].

3.1. Bio-ink 1

3.1.1. CFD simulations
This section analyses typical results obtained from high-fidelity CFD simulations. In particular, the case study with 𝐷 = 0.33 mm

and 𝑣 = 15 mm/s is reported. Fig. 5 shows the distribution of the axial (𝑣𝑧) and radial (𝑣𝑟) velocity components from high-fidelity
CFD simulations, and Fig. 6 depicts the computed shear and extensional stress fields. In detail, Figs. 6(a) and 6(b) report shear and
extensional stress distributions. Figs. 6(c) and 6(d) show trajectories and stresses experienced by bio-ink particles moving from two
different inlet radial positions, identified at 50% and 95% of the inlet radius, respectively. It can be clearly observed that bio-ink
particles with starting positions far from the extruder axis are subject to higher shear stresses in the nozzle and higher peaks of
extensional stresses, although these latter are significant only in a limited region of the extruder close to the nozzle inlet.

Fig. 7 shows the distribution of the shear rate �̇� and the dynamic viscosity 𝜇 inside the extruder, highlighting that the highest
values of �̇� occur near the nozzle wall, where 𝜇 assumes the lowest values according to the simulated shear-thinning behavior.
8
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Fig. 6. Case study with bio-ink 1, 𝐷 = 0.33 mm and 𝑣 = 15 mm/s. Contour plots of: (a) shear stress 𝜏𝑠 [Pa]; (b) extensional stress 𝜏𝑒 [Pa]. Trajectory and stress
experienced by a bio-ink particle starting from a specific inlet radial position: (c) 50% of the inlet radius; (d) 95% of the inlet radius.

Fig. 7. Case study with bio-ink 1, 𝐷 = 0.33 mm and 𝑣 = 15 mm/s. Contour plots of: (a) shear rate �̇� [s−1]; (b) dynamic viscosity 𝜇 [Pa s].

3.1.2. Cell damage prediction
Soundness and effectiveness of the cell damage model described by Eq. (19) are proven by reproducing some experimental data

available in the literature. In detail, starting from the average extensional stress 𝜏𝑒 computed via CFD simulations and by fixing a
description for 𝐴𝑒𝑞 (see Eq. (16)) as depending on the expected damage scenario, experimental data on cell damage are fitted via
Eq. (19) through the least-squares method.

Referring to the experimental measurements reported in [28] and associated to the previously-introduced scenario 1 (see Fig. 2),
Figs. 8(a) and 9 summarize the obtained fitting results (see Table B.3 in Appendix B for more results). The accuracy of the fitting
(𝑅2 = 0.964) demonstrates the effectiveness of proposed damage description. Model parameters resulting from the fitting procedure
are reported in Table 3 and are identified as set 1. Correspondingly, Fig. 8(b) depicts extensional stress-induced (𝑑𝑒), shear stress-
induced (𝑑𝑠) and total cell damage (𝑑) as functions of the extrusion velocity (𝑣) and for two nozzle geometries (𝐿𝑛 = 11.9 mm;
𝐷 = 0.33 mm and 𝐷 = 0.51 mm). It can be observed that when the extrusion velocity 𝑣 increases (or equivalently, when the printing
pressure 𝛥𝑝 increases), both cell damage portions caused by shear stress in the nozzle and by extensional stress in the contractive
region increase. Below a certain threshold value of the extrusion velocity (depending on the nozzle diameter 𝐷) the extensional
stress-induced cell damage 𝑑𝑒 results even higher than the shear stress-induced damage contribution 𝑑𝑠, highlighting the relevance
of accounting for extensional effects.

In order to prove the model capability to catch also experimental responses associated to the scenario 2 introduced in Fig. 2,
reference is made to experimental evidence discussed in [29]. Model parameters in Eq. (19) are thus identified such to reproduce
this new experimental dataset, their values being reported in Table 3 and denoted as set 2. A very effective comparison can be
9
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Fig. 8. (a) Fitting of the experimental data reported in [28] (bio-ink 1, human dermal fibroblasts suspended in a 3 wt% alginate-based aqueous solution) via
the proposed cell damage model. Corresponding model parameters are summarized in Table 3 (set 1). (b) Extensional stress-induced (𝑑𝑒), shear stress-induced
(𝑑𝑠) and total cell damage (𝑑) as functions of the extrusion velocity (𝑣) and for two different values of nozzle diameter 𝐷 (with 𝐿𝑛 = 11.9 mm).

Fig. 9. Comparison of the cell damage predicted via the proposed model with the experimental data (bio-ink 1) provided by Han et al. [28] (scenario 1, blue
lines and symbols) and by Li et al. [29] (scenario 2, red lines and symbols). (a) Cell damage 𝑑 vs. printing pressure 𝛥𝑝 for a given value of the nozzle diameter
𝐷. (b) Cell damage 𝑑 vs. nozzle diameter 𝐷 for a given value of the printing pressure 𝛥𝑝.

Table 3
Values of model parameters adopted for describing experimental scenarios introduced in Fig. 2 via the proposed cell damage
model. Set 1 (respectively, set 2) refers to the scenario 1 (resp., scenario 2).

Set 𝐴0 𝐴𝑒𝑞,∞ 𝑘1 𝑘2 𝑎𝑝 𝑎𝑒 𝑏𝑒 𝑑𝑒,𝑚𝑎𝑥 𝑑𝑚𝑎𝑥
[mm2] [mm2] [mm−2] [mm−2] [μJ−1] [Pa−𝑏𝑒 ] [–] [–] [–]

1 0.50 0.70 0 4 0.0211 0.1752 0.3654 0.1725 0.3681
2 0.0079 3.7 ⋅ 10−4 0.5 18 0.01 0 0 0 0.80

established, recovering the experimental evidence that, for a fixed value of the printing pressure, cell damage reduces when the
nozzle diameter increases (see Fig. 9).

It is noteworthy that experimental measurements in [29] refer to a different bio-ink, whose high viscosity determines significantly
higher pressures that typical values adopted in the present work (based on [28]). However, in order to be coherent with the rest
of present study, also set 2 of the damage law will be referred in the following to the bio-inks analyzed in [28], and thus to the
corresponding range of printing pressures.
10
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Fig. 10. Surface plots of post-processing quantities computed via the proposed reduced-order model (bio-ink 1): (a) 𝛥𝑝𝑐 , (b) 𝜏𝑒, (c) 𝛥𝑝𝑛, (d) 𝛥𝑝𝑐∕(𝛥𝑝𝑛 + 𝛥𝑝𝑐 ) vs.
nozzle diameter 𝐷 and extrusion velocity 𝑣.

3.1.3. Calibration and validation of the reduced-order model
The reduced-order model (ROM) introduced in Section 2.4 allows to express quantities 𝛥𝑝𝑐 , 𝜏𝑒 and 𝛥𝑝𝑛∕𝐿𝑛 as:

𝛥𝑝𝑐 =
𝜇 𝑣
𝐷

[

𝛼𝑐,1

(

𝐷
𝐷𝑖𝑛

)𝛼𝑐,2

+ 𝛼𝑐,3

](

𝜌𝑣𝐷
𝜇

)−
[

𝛽𝑐,1

(

𝐷
𝐷𝑖𝑛

)𝛽𝑐,2
+𝛽𝑐,3

]

, (25a)

𝜏𝑒 =
𝜇 𝑣
𝐷

[

𝛼𝑒,1

(

𝐷
𝐷𝑖𝑛

)𝛼𝑒,2

+ 𝛼𝑒,3

](

𝜌𝑣𝐷
𝜇

)−
[

𝛽𝑒,1

(

𝐷
𝐷𝑖𝑛

)𝛽𝑒,2
+𝛽𝑒,3

]

, (25b)

𝛥𝑝𝑛
𝐿𝑛

=
𝜇 𝑣
𝐷2

[

𝛼𝑛,1

(

𝐷
𝐿𝑛

)𝛼𝑛,2

+ 𝛼𝑛,3

](

𝜌𝑣𝐷
𝜇

)−
[

𝛽𝑛,1

(

𝐷
𝐿𝑛

)𝛽𝑛,2
+𝛽𝑛,3

]

, (25c)

where parameters 𝛼𝑦,𝑖 and 𝛽𝑦,𝑖 (with 𝑦 = 𝑐, 𝑒, 𝑛 and 𝑖 = 1, 2, 3) have been calibrated based on 35 high-fidelity CFD simulations. In
particular, 5 values of the nozzle diameter 𝐷 (i.e., 0.15, 0.25, 0.33, 0.41 and 0.51 mm) and 7 values of the extrusion velocity 𝑣
(i.e., 6, 9, 12, 15, 18, 21 and 24 mm/s) are considered. Moreover, 30 additional simulations are performed to validate the ROM
predictions, by setting 5 different values for 𝐷 (0.20, 0.30, 0.35, 0.45 and 0.55 mm) and 6 for 𝑣 (7.5, 10.5, 13.5, 16.5, 19.5 and
22.5 mm/s). The number of simulations employed for the calibration of the ROM follows a convergence study, where high-fidelity
values of post-processing quantities in Eqs. (25) are compared with ROM values. The final mean error with the employed calibration
dataset is lower than 2.60% on the validation dataset, thus proving the excellent performance of the proposed approach. For the
sake of compactness, more results and details are provided in Appendices A and B, where calibrated parameters are also given (see
Table A.2).

In Fig. 10, surface plots of post-processing quantities computed via the proposed reduced-order model are shown, highlighting
their dependence on the nozzle diameter 𝐷 and on the extrusion velocity 𝑣. In detail, it clearly appears that pressure drops within
nozzle and contractive regions, as well as the average measure of the extensional stress, tend to increase when the extrusion velocity
increases or the nozzle diameter decreases. It is noteworthy that values of extensional stresses are comparable to the ones of shear
stresses although the pressure drop in the contractive region is only a minor portion (<3%) of the total printing pressure within the
full range of printing conditions for the considered extruder geometry.

3.1.4. Nomograms
Nomograms in the parameters space of nozzle diameter 𝐷 and printing pressure 𝛥𝑝 are shown in Figs. 11 and 12. In particular,

Fig. 11 shows the isopleths of mass flow rate �̇� and Fig. 12 of cell viability 𝑐𝑣. In both cases, the black dashed lines delimit the
calibration area of the reduced-order model (dark gray regions) and they identify curves at a fixed extrusion velocity 𝑣 (namely,
11
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Fig. 11. Nomogram built from the reduced-order model (ROM) by referring to isopleths of mass flow rate �̇� in the parameters space (nozzle diameter 𝐷, printing
pressure 𝛥𝑝) and delimited by limit values of the extrusion velocity 𝑣 (bio-ink 1).

Table 4
Values of model parameters adopted for describing cell damage via the proposed model (bio-ink 2).
𝐴0 𝐴𝑒𝑞,∞ 𝑘1 𝑘2 𝑎𝑝 𝑎𝑒 𝑏𝑒 𝑑𝑒,𝑚𝑎𝑥 𝑑𝑚𝑎𝑥
[mm2] [mm2] [mm−2] [mm−2] [μJ−1] [Pa−𝑏𝑒 ] [–] [–] [–]

0.50 0.70 0 4 0.0281 0.4977 0.1428 0.2795 0.4358

iso-𝑣) equal to limit values in the analyzed range. Nomogram in Fig. 11 shows that the lower the nozzle diameter 𝐷 with the same
printing pressure 𝛥𝑝 or the lower the printing pressure with the same nozzle diameter, the lower the mass flow rate �̇�. The complex
non-linear relationship between process variables is quantified with such easy-to-use graphical tool. Fig. 11 also reports data adopted
for calibrating and validating the reduced-order model (ROM). The mean relative error obtained by computing �̇� via the proposed
nomogram against the full set of CFD simulations (both calibration and validation dataset) is about 3.5%.

In Fig. 12 two different nomograms for cell viability are proposed, each associated with the two experimental scenarios previously
discussed. Isopleths of cell viability 𝑐𝑣 exhibit totally different trends, depending on the specific experimental scenario at hand. For
the first scenario, Fig. 12(a) also reports the available experimental data in [28] on cell damage within the region of interest (see
Table B.3). Remarkably, for this scenario, the graphical computation of cell viability 𝑐𝑣 from the nomogram is accurate despite the
sparse distribution of experimental data within the parameters space (𝐷, 𝛥𝑝), obtaining a mean relative error of about 1.8%.

3.2. Bio-ink 2

The previously-described analyses have been carried out also by referring to the bio-ink 2 (see Fig. 4). For the sake of
compactness, detailed outcomes are reported in Appendices A and B. Also in this case, the proposed reduced-order modeling strategy
predicts the quantities under consideration with excellent performance, with average relative error lower than 3.30% with respect
to the validation dataset.

3.2.1. Cell damage prediction
The cell damage model proposed in Section 2.2 has been adopted to reproduce the experimental measurements reported in [28]

for the bio-ink 2. Fig. 13(a) highlights the effectiveness of the obtained fitting (𝑅2 = 0.992), associated with model parameters
reported in Table 4. Fig. 13(b) depicts extensional stress-induced (𝑑𝑒), shear stress-induced (𝑑𝑠) and total cell damage (𝑑) as functions
of the extrusion velocity (𝑣) and for two nozzle geometries (𝐿𝑛 = 11.9 mm; 𝐷 = 0.33 mm and 𝐷 = 0.51 mm).

3.2.2. Nomograms
Nomograms associated with the bio-ink 2 are reported in Fig. 14(a), with isopleths of mass flow rate �̇�, and Fig. 14(b), with

isopleths of cell viability 𝑐𝑣. Fig. 14(a) also reports data adopted for calibrating and validating the ROM for the bio-ink 2. The mean
relative error obtained by computing �̇� via the proposed nomogram against the full set of CFD simulations is about 2.1%. In the
same figures, nomograms built for the bio-ink 1 from Section 3.1.4 have been also reported, so as to provide a quick and easy visual
comparison between bio-inks with the same cell type but different polymer weight concentrations.
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Fig. 12. Nomograms built from the reduced-order model by referring to isopleths of cell viability 𝑐𝑣 for: (a) cell damage scenario 1; (b) cell damage scenario 2
(see Section 2.2). Isopleths are reported in the parameters space (nozzle diameter 𝐷, printing pressure 𝛥𝑝) and delimited by limit values of the extrusion velocity
𝑣 (bio-ink 1). Experimental data from [28].

4. Concluding remarks

In the planning of bioprinting, the definition of a suitable setting for the fundamental process variables (such as printing pressure,
nozzle diameter, target extrusion velocity or mass flow rate, desired cell viability) might be a challenging task, hampered by their
strong non-linear coupling.

The present study proposed a novel methodological approach that allows for a more rational and quick definition of suitable
target conditions, enabling for an effective bioprinting planning. To this aim a reduced-order model (ROM) able to synthesize the
non-linear coupling among fundamental process variables has been proposed. It has been also integrated with a novel cell damage
description, specialized to extrusion-based bioprinting procedures and formulated, in agreement with the actual experimental
evidence, by consistently generalizing available cell damage approaches.

By referring to a realistic case study, the reduced-order model has been calibrated and validated by means of a limited number
of high-fidelity numerical simulations of the bio-ink fluid-dynamics during extrusion. Moreover, a limited number of experimental
data has been employed to calibrate the cell damage law. As a result, the proposed framework allowed the construction of bio-ink
specific nomograms that can provide fast, useful and effective graphical indications. Isopleths within such nomograms allow, for
13
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Fig. 13. (a) Fitting of the experimental data reported in [28] (bio-ink 2, human dermal fibroblasts suspended in a 2 wt% alginate-based aqueous solution) via
the proposed cell damage model. Corresponding model parameters are summarized in Table 4. (b) Extensional stress-induced (𝑑𝑒), shear stress-induced (𝑑𝑠) and
total cell damage (𝑑) as functions of the extrusion velocity (𝑣) and for two different values of nozzle diameter 𝐷 (bio-ink 2, with 𝐿𝑛 = 11.9 mm).

instance, to easily obtain how the extrusion velocity, mass flow rate and cell viability vary as functions of nozzle diameter and
printing pressure, or otherwise how the printing pressure shall vary when the nozzle diameter is changed but a constant extrusion
velocity, mass flow rate or cell viability is desired. Accordingly, the proposed modeling strategy paves the way towards the definition
of user-friendly and powerful design tools able to reduce the time-consuming and expensive trial-and-error experimental procedures,
actually performed in laboratory practice.

From a methodological point of view, the proposed approach belongs to the context of in-silico-based enabling technologies for
bioprinting optimization, that are actually gaining a growing interest and remarkable results [17,61]. In addition, the mechanistic
rationale behind the proposed strategy is alternative to the black-box perspective of experiment-based design strategies involving
artificial intelligence techniques [62]. Nevertheless, the proposed methodological framework could be potentially employed in
conjunction with these latter approaches, by allowing to enrich, through simulations and reduced-order models, the experimental
datasets required for training surrogate models built via machine learning methods [63].

Clearly, the present study is not exempt from limitations. Firstly, it has been verified only towards alginate-based bio-inks with
fixed cell density and two polymer concentrations. Verification towards different bio-ink types and, possibly, generalizations with
other rheological laws, would be of high interest. Moreover, future works will focus on the ROM calibration and on the definition of
nomograms addressing different bio-inks characterized by different cell types and densities, and/or polymer types. In this context,
the study could be also enhanced in order to describe the viscoelastic flow of the bio-ink outside of the nozzle, allowing to possibly
account for some post-printing mechanisms. An additional limitation is that the present study addresses only a specific bioprinting
technology. Moreover, different geometries of the extrusion system should be investigated, considering also possible non-cylindrical
configurations. Furthermore, more knowledge on cell distributions within the nozzles would allow to better verify the concept of
effective area introduced in the proposed cell damage law, and would allow for its identification based on a sound mechanistic
perspective. To this goal, ad hoc experimental measurements or numerical simulations accounting for fluid–structure interaction
mechanisms between cells, hydrogel matrix and extruder walls may provide precious information. Finally, authors hope that joint
experimental–computational studies in the field may be developed soon, allowing to overcome the gap towards a complete validation
of the proposed approach and opening also to further generalizations and enhancements.
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Fig. 14. Nomograms built from the reduced-order model by referring to: (a) isopleths of mass flow rate �̇�; (b) isopleths of cell viability 𝑐𝑣. Isopleths are reported
in the parameters space (nozzle diameter 𝐷, printing pressure 𝛥𝑝) and delimited by limit values of the extrusion velocity 𝑣 (bio-ink 2).

Appendix A. Reduced-order modeling procedure

Parameters 𝛼𝑦,𝑖 and 𝛽𝑦,𝑖 (with 𝑦 = 𝑐, 𝑒, 𝑛 and 𝑖 = 1, 2, 3) defining the reduced-order model introduced in Section 2.4 are determined
via the following 2-step calibration procedure:

• At the first, the geometry (i.e., the factor 𝜉) is considered fixed, while 𝑅𝑒 is varied by varying 𝑣. For a given value of 𝜉, optimal
values of dimensionless quantities 𝛼𝑦 and 𝛽𝑦 in Eq. (23) are hence determined by applying the least-squares method to fit the
discrete values of functions 𝑦 obtained from CFD simulations carried out at different values of 𝑣. This calibration stage is
repeated for different values of 𝜉. As a result at the end of this step, discrete values of dimensionless functions 𝛼𝑦 and 𝛽𝑦 are
available for different values of 𝜉 (see Table A.1 for case studies analyzed in this work).

• Results obtained in the previous step are fitted, in turn, via the least-squares method in order to represent functions 𝛼𝑦(𝜉) and
𝛽𝑦(𝜉) via the 2-term power laws introduced in Eqs. (24a) and (24b). As a result, the optimal values of dimensionless parameters
𝛼 and 𝛽 (with 𝑖 = 1, 2, 3) are determined (see Table A.2 for case studies analyzed in this work).
15
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Fig. A.1. ROM calibration for case study with the bio-ink 1. (a) Dimensionless pressure drop along the contractive region 𝛥𝑝𝑐 vs. the Reynolds number 𝑅𝑒 and
or different values of the nozzle diameter 𝐷. Comparison between the ROM-based power-law approximation and CFD results (𝐷𝑖𝑛 = 2.64 mm; 𝐿𝑛 = 11.9 mm).
arkers: CFD results; dashed line: least-squares fitting (first step of the ROM calibration). (b) Dimensionless functions 𝛼𝑐 and 𝛽𝑐 vs. 𝜉 = 𝐷∕𝐷𝑖𝑛. Markers: results

rom first step of the ROM calibration; dashed lines: least-squares fitting (second step of the ROM calibration).

Fig. A.2. ROM calibration for case study with the bio-ink 1.(a) Dimensionless average extensional stress 𝜏𝑒 vs. the Reynolds number 𝑅𝑒 and for different values
f the nozzle diameter 𝐷. Comparison between the ROM-based power-law approximation and CFD results (𝐷𝑖𝑛 = 2.64 mm; 𝐿𝑛 = 11.9 mm). Markers: CFD results;
ashed line: least-squares fitting (first step of the ROM calibration). (b) Dimensionless functions 𝛼𝑒 and 𝛽𝑒 vs. 𝜉 = 𝐷∕𝐷𝑖𝑛. Markers: results from first step of the
OM calibration; dashed lines: least-squares fitting (second step of the ROM calibration).

Table A.2 reports also the values of maximum and average relative errors computed against the calibration set of CFD results and
he validation one, showing the very good performance of the reduced-order model in predicting the quantities under consideration.

For the sake of completeness, the results of the 2-step calibration procedure are illustrated in Figs. A.1 to A.3 for case study with
io-ink 1, where the dimensionless functions of 𝛥𝑝𝑐 , 𝜏𝑒 and 𝛥𝑝𝑛∕𝐿𝑛 are plotted versus the Reynolds number 𝑅𝑒 and for different

values of the nozzle diameter 𝐷 (Figs. A.1(a) to A.3(a)), and where the dimensionless functions 𝛼𝑦(𝜉) and 𝛽𝑦(𝜉) (with 𝑦 = 𝑐, 𝑒, 𝑛) are
plotted versus 𝜉 (Figs. A.1(b) to A.3(b)). It is worth observing the excellent accuracy of the functions evaluated via the proposed
reduced-order model in comparison with the discrete values resulting from the CFD high-fidelity simulations.

Appendix B. CFD and cell damage results

This Appendix reports detailed numerical outcomes for:

1. the calibration dataset of the ROM, made up by 35 simulations with 5 values of the nozzle diameter 𝐷 (i.e., 0.15, 0.25, 0.33,
0.41 and 0.51 mm) and 7 values of the extrusion velocity 𝑣 (i.e., 6, 9, 12, 15, 18, 21 and 24 mm/s). Outcomes for the bio-ink
1 are given in Table B.1, while for the bio-ink 2 in Table B.4;

2. the validation dataset of the ROM, made up by 30 additional simulations with 5 different values for 𝐷 (0.20, 0.30, 0.35, 0.45
and 0.55 mm) and 6 for 𝑣 (7.5, 10.5, 13.5, 16.5, 19.5 and 22.5 mm/s). Outcomes for the bio-ink 1 are given in Table B.2,
while for the bio-ink 2 in Table B.5.
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Fig. A.3. ROM calibration for case study with the bio-ink 1. (a) Dimensionless pressure drop per unit length in the nozzle 𝛥𝑝𝑛∕𝐿𝑛 vs. the Reynolds number 𝑅𝑒
nd for different values of the nozzle diameter 𝐷. Comparison between the ROM-based power-law approximation and CFD results (𝐷𝑖𝑛 = 2.64 mm; 𝐿𝑛 = 11.9
m). Markers: CFD results; dashed line: least-squares fitting (first step of the ROM calibration). (b) Dimensionless functions 𝛼𝑐 and 𝛽𝑐 vs. 𝜉 = 𝐷∕𝐿𝑛. Markers:

results from first step of the ROM calibration; dashed lines: least-squares fitting (second step of the ROM calibration).

Table A.1
Values of dimensionless functions 𝛼𝑦(𝜉) and 𝛽𝑦(𝜉) (with 𝑦 = 𝑐, 𝑒, 𝑛) defining the reduced-order
model introduced in Section 2.4, and obtained via the first fitting step at different values of 𝜉
and within the considered range of the extrusion velocity 𝑣 (namely, 6÷24 mm/s). 𝐷𝑖𝑛 = 2.64 mm;
𝐿𝑛 = 11.9 mm.

𝐷 [mm]

0.15 0.25 0.33 0.41 0.51

Bio-ink 1

𝛼𝑐 0.0099 0.0253 0.0415 0.0603 0.0865
𝛽𝑐 0.6131 0.5717 0.5481 0.5294 0.5108
𝛼𝑒 0.0036 0.0078 0.0143 0.0197 0.0314
𝛽𝑒 0.6325 0.5829 0.5417 0.5311 0.4933
𝛼𝑛 0.0036 0.0120 0.0231 0.0382 0.0627
𝛽𝑛 0.7891 0.7373 0.7062 0.6806 0.6538

Bio-ink 2

𝛼𝑐 0.1025 0.2254 0.3393 0.4614 0.6202
𝛽𝑐 0.5107 0.4668 0.4417 0.4217 0.4016
𝛼𝑒 0.0366 0.0680 0.1054 0.1431 0.1933
𝛽𝑒 0.5397 0.4868 0.4506 0.4350 0.4047
𝛼𝑛 0.0780 0.2071 0.3481 0.5177 0.7639
𝛽𝑛 0.6452 0.5957 0.5657 0.5410 0.5152

Table A.2
Values of model parameters defining the proposed reduced-order model and computed via a 2-step least-squares fitting procedure.
Values of maximum (errmax) and average (err) relative error against both calibration and validation CFD results are also
indicated.

Model parameters Calibration Validation

𝛼𝑦,1 𝛼𝑦,2 𝛼𝑦,3 𝛽𝑦,1 𝛽𝑦,2 𝛽𝑦,3 errmax err errmax err

Bio-ink 1

𝛥𝑝𝑐 1.2800 1.6209 −0.0025 −1.3758 0.0716 1.7337 2.29% 0.88% 2.10% 0.71%
𝜏𝑒 0.8683 2.0453 0.0012 −0.7837 0.2491 1.0162 3.83% 1.49% 8.76% 2.59%
𝛥𝑝𝑛
𝐿𝑛

80.6331 2.2704 −0.0004 −1.1407 0.2278 1.2104 2.76% 1.12% 2.18% 0.86%

Bio-ink 2

𝛥𝑝𝑐 5.5315 1.3007 −0.0308 −1.1950 0.0918 1.4290 2.10% 0.81% 1.97% 0.69%
𝜏𝑒 2.1447 1.4751 0.0044 −1.8408 0.0695 2.0482 4.60% 2.33% 10.90% 3.29%
𝛥𝑝𝑛
𝐿𝑛

200.3455 1.7627 −0.0127 −1.0897 0.2388 1.0287 2.49% 0.99% 2.06% 0.82%

The results from additional simulations performed to calibrate the damage model are also reported in Table B.3 for the bio-ink
and in Table B.6 for the bio-ink 2.
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Table B.1
Numerical results obtained by 35 high-fidelity CFD simulations employed for the calibration of
the proposed reduced-order model (bio-ink 1).

Data CFD results

𝐷 𝑣 𝛥𝑝𝑐 𝜏𝑒
𝛥𝑝𝑛
𝐿𝑛

[mm] [mm/s] [kPa] [kPa] [kPa/mm]

0.15 6 1.02 0.45 12.39
9 1.21 0.53 13.69
12 1.35 0.59 14.55
15 1.47 0.63 15.17
18 1.57 0.67 15.66
21 1.66 0.71 16.05
24 1.73 0.75 16.37

0.25 6 0.80 0.27 6.41
9 0.96 0.33 7.25
12 1.09 0.37 7.82
15 1.20 0.40 8.25
18 1.29 0.43 8.59
21 1.37 0.46 8.86
24 1.43 0.48 9.09

0.33 6 0.69 0.23 4.43
9 0.85 0.28 5.08
12 0.96 0.32 5.53
15 1.06 0.35 5.87
18 1.15 0.38 6.15
21 1.22 0.40 6.37
24 1.29 0.42 6.56

0.41 6 0.62 0.21 3.30
9 0.76 0.25 3.82
12 0.87 0.29 4.19
15 0.96 0.32 4.48
18 1.04 0.35 4.71
21 1.11 0.37 4.90
24 1.17 0.39 5.06

0.51 6 0.55 0.17 2.44
9 0.68 0.21 2.86
12 0.78 0.25 3.16
15 0.87 0.28 3.40
18 0.94 0.30 3.58
21 1.01 0.33 3.74
24 1.07 0.35 3.88

Table B.2
Numerical results obtained by 30 high-fidelity CFD simulations employed for the validation of
the proposed reduced-order model (bio-ink 1).

Data CFD results

𝐷 𝑣 𝛥𝑝𝑐 𝜏𝑒
𝛥𝑝𝑛
𝐿𝑛

[mm] [mm/s] [kPa] [kPa] [kPa/mm]

0.20 7.5 0.98 0.34 9.13
10.5 1.14 0.39 9.96
13.5 1.26 0.43 10.55
16.5 1.36 0.47 10.99
19.5 1.45 0.50 11.35
22.5 1.52 0.52 11.64

0.30 7.5 0.81 0.27 5.42
10.5 0.95 0.31 6.01
13.5 1.06 0.35 6.43
16.5 1.15 0.38 6.76
19.5 1.23 0.41 7.02
22.5 1.30 0.44 7.24

0.35 7.5 0.75 0.25 4.43
10.5 0.88 0.29 4.94
13.5 0.99 0.33 5.31
16.5 1.08 0.36 5.60
19.5 1.15 0.38 5.83
22.5 1.22 0.41 6.03

(continued on next page)
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Table B.2 (continued).
Data CFD results

𝐷 𝑣 𝛥𝑝𝑐 𝜏𝑒
𝛥𝑝𝑛
𝐿𝑛

[mm] [mm/s] [kPa] [kPa] [kPa/mm]

0.45 7.5 0.66 0.22 3.16
10.5 0.78 0.26 3.56
13.5 0.88 0.29 3.86
16.5 0.96 0.32 4.09
19.5 1.03 0.34 4.29
22.5 1.10 0.37 4.45

0.55 7.5 0.59 0.19 2.40
10.5 0.70 0.23 2.73
13.5 0.79 0.26 2.98
16.5 0.87 0.29 3.17
19.5 0.94 0.31 3.34
22.5 1.00 0.33 3.47

Table B.3
Cell damage prediction in comparison with the experimental measurements (bio-ink 1) proposed in [28], for
different nozzle geometries. Experimental data are expressed in terms of the average cell damage (𝑑𝑒𝑥𝑝) and the
corresponding standard deviation (𝑆𝐷).

Operating parameters Computed quantities Exp. data [28]

𝐷 𝐿𝑛 𝛥𝑝 𝑊 𝑒𝑞
𝑝 𝜏𝑒 𝑑 𝑑𝑒𝑥𝑝 ± 𝑆𝐷

[mm] [mm] [kPa] [μJ] [Pa] [%] [%]

0.20 11.9 80 14.95 215.74 18.90 18.50 ± 5.72
120 22.43 402.53 22.39 24.10 ± 3.86

0.25 80 23.37 295.42 22.16 20.85 ± 3.58
120 35.05 642.31 25.94 25.00 ± 1.61

0.33 80 40.71 464.72 26.89 25.78 ± 1.65
0.40 40 29.91 199.17 23.50 24.33 ± 3.97

60 44.86 380.65 27.55 28.99 ± 3.12
80 59.82 771.81 30.24 31.81 ± 2.85

25.4 40 63.84 76.26 29.63 30.94 ± 4.98
60 95.76 124.19 33.32 32.20 ± 5.23
80 127.67 180.54 35.08 35.64 ± 5.72

50.8 40 127.67 36.66 34.79 32.95 ± 1.26
60 191.51 56.62 36.31 36.30 ± 1.81
80 255.35 76.26 36.68 36.79 ± 3.02
120 383.02 124.19 36.80 37.60 ± 2.74

Table B.4
Numerical results obtained by 35 high-fidelity CFD simulations employed for the calibration of
the proposed reduced-order model (bio-ink 2).

Data CFD results

𝐷 𝑣 𝛥𝑝𝑐 𝜏𝑒
𝛥𝑝𝑛
𝐿𝑛

[mm] [mm/s] [kPa] [kPa] [kPa/mm]

0.15 6 0.45 0.20 6.41
9 0.55 0.24 7.51
12 0.63 0.28 8.32
15 0.71 0.31 8.97
18 0.77 0.33 9.50
21 0.82 0.35 9.96
24 0.87 0.37 10.37

0.25 6 0.33 0.11 3.07
9 0.41 0.14 3.68
12 0.48 0.17 4.14
15 0.54 0.19 4.51
18 0.60 0.20 4.82
21 0.64 0.22 5.09
24 0.68 0.23 5.32

0.33 6 0.28 0.09 2.04
9 0.35 0.12 2.48
12 0.41 0.14 2.81

(continued on next page)
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Table B.4 (continued).
Data CFD results

𝐷 𝑣 𝛥𝑝𝑐 𝜏𝑒
𝛥𝑝𝑛
𝐿𝑛

[mm] [mm/s] [kPa] [kPa] [kPa/mm]

15 0.47 0.15 3.08
18 0.52 0.17 3.31
21 0.56 0.18 3.51
24 0.60 0.19 3.68

0.41 6 0.24 0.08 1.47
9 0.31 0.10 1.81
12 0.37 0.12 2.06
15 0.41 0.14 2.28
18 0.46 0.15 2.45
21 0.50 0.17 2.61
24 0.53 0.18 2.75

0.51 6 0.21 0.07 1.05
9 0.27 0.09 1.31
12 0.32 0.10 1.51
15 0.36 0.12 1.67
18 0.40 0.13 1.81
21 0.44 0.14 1.93
24 0.47 0.15 2.04

Table B.5
Numerical results obtained by 30 high-fidelity CFD simulations employed for the validation of
the proposed reduced-order model (bio-ink 2).

Data CFD results

𝐷 𝑣 𝛥𝑝𝑐 𝜏𝑒
𝛥𝑝𝑛
𝐿𝑛

[mm] [mm/s] [kPa] [kPa] [kPa/mm]

0.20 7.5 0.43 0.15 4.68
10.5 0.51 0.17 5.35
13.5 0.58 0.20 5.88
16.5 0.64 0.22 6.31
19.5 0.69 0.23 6.67
22.5 0.74 0.25 6.99

0.30 7.5 0.34 0.11 2.62
10.5 0.41 0.14 3.04
13.5 0.47 0.16 3.37
16.5 0.52 0.17 3.65
19.5 0.56 0.19 3.88
22.5 0.61 0.20 4.09

0.35 7.5 0.31 0.10 2.09
10.5 0.37 0.12 2.44
13.5 0.43 0.14 2.72
16.5 0.48 0.16 2.95
19.5 0.52 0.17 3.15
22.5 0.56 0.18 3.32

0.45 7.5 0.26 0.09 1.44
10.5 0.32 0.10 1.70
13.5 0.37 0.12 1.90
16.5 0.41 0.14 2.08
19.5 0.45 0.15 2.23
22.5 0.49 0.16 2.36

0.55 7.5 0.23 0.08 1.06
10.5 0.28 0.09 1.26
13.5 0.33 0.11 1.43
16.5 0.37 0.12 1.56
19.5 0.40 0.13 1.68
22.5 0.44 0.14 1.79
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Table B.6
Cell damage prediction in comparison with the experimental measurements (bio-ink 2) proposed in [28], for
different nozzle geometries. Experimental data are expressed in terms of the average cell damage (𝑑𝑒𝑥𝑝) and the
corresponding standard deviation (𝑆𝐷).

Operating parameters Computed quantities Exp. data [28]

𝐷 𝐿𝑛 𝛥𝑝 𝑊 𝑒𝑞
𝑝 𝜏𝑒 𝑑 𝑑𝑒𝑥𝑝 ± 𝑆𝐷

[mm] [mm] [kPa] [μJ] [Pa] [%] [%]

0.20 11.9 40 7.48 97.76 22.21 22.31 ± 2.04
80 14.95 238.15 27.11 26.61 ± 4.00

0.40 40 29.91 222.17 32.71 33.27 ± 2.04
60 44.86 406.76 36.69 36.90 ± 2.69

25.4 40 63.84 81.74 39.14 39.55 ± 3.87
60 95.76 136.57 41.82 40.35 ± 2.63
80 127.67 202.34 42.88 43.68 ± 0.94

38.1 40 95.76 51.09 41.72 41.18 ± 4.55
80 191.51 117.40 43.46 43.91 ± 4.86
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