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Abstract
Tissue engineering requires the fabrication of three-dimensional (3D) multimaterial 
structures in complex geometries mimicking the hierarchical structure of biological 
tissues. To increase the mechanical and biological integrity of the tissue engineered 
structures, continuous printing of multiple materials through a printing head 
consisting of a single nozzle is crucial. In this work, numerical analysis was carried 
out to investigate the extrusion process of two different shear-thinning biomaterial 
solutions (alginate and gelatin) inside a novel single-nozzle dispensing system 
consisting of cartridges and a static mixer for varying input pressures, needle 
geometries, and outlet diameters. Systematic analysis of the dispensing process was 
conducted to describe the flow rate, velocity field, pressure drop, and shear stress 
distribution throughout the printing head. The spatial distribution of the biopolymer 
solutions along the mixing chamber was quantitatively analyzed and the simulation 
results were validated by comparing the pressure drop values with empirical 
correlations. The simulation results showed that the proposed dispensing system 
enables to fabricate homogenous material distribution across the nozzle outlet. The 
predicted shear stress along the proposed printing head model is lower than the 
critical shear values which correspond to negligible cell damage, suggesting that 
the proposed dispensing system can be used to print cell-laden tissue engineering 
constructs.

Keywords: 3D Printing; Bioprinting; Biomaterials; Computational fluid dynamics; 
Extrusion; Tissue engineering

1. Introduction
Three-dimensional (3D) bioprinting technology, within the rapidly evolving field 
of biomanufacturing, enables to engineer predesigned, volumetric tissue-like 
structures with a spatially controlled distribution of cells and biomolecules, making it 
a unique tool for a broad range of tissue engineering applications[1-3]. Bioinks are the 
bioprintable materials composed of hydrogels encapsulating cells or cell aggregates[4]. 
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The most commonly used additive manufacturing (3D 
printing) techniques[5,6] to create cell-laden constructs 
are material jetting[7,8], extrusion-based[2,9], and light-
based technologies[10,11]. Multimodal systems, integrating 
different printing principles into a single machine, have 
been also proposed[6]. Among these printing strategies, 
extrusion-based bioprinting is one of the most commonly 
used approach as it allows to print materials with a 
wide range of viscosities and to fabricate multimaterial/
cellular volumetric biological constructs[12-14]. In extrusion 
bioprinting, biocompatible cell-laden hydrogels are 
loaded into the cartridges (reservoirs) and deposited on 
a bioprinting platform using one or several nozzles via 
pneumatic, mechanical, or solenoid actuation[5]. 

A key object of tissue engineering applications is the 
fabrication of multimaterial and multiscale heterogeneous 
constructs, mimicking the organized cellular architecture 
and functionality of natural tissues[15]. However, this is not 
achievable with single-material bioprinting approaches, 
as they often fail to replicate the complexity and variety 
of real tissues consisting of multiple layers of different cell 
types[16]. To overcome this shortcoming, multimaterial 
bioprinting emerged as a promising approach[6,15-17]. 
Multimaterial 3D bioprinting technique refers to the 
simultaneous or sequential deposition of two or more 
biomaterials in a predetermined manner to create region-
specific characteristics and performances[16]. These type 
of heterogeneous bioconstructs have been fabricated 
using multireservoir and multinozzle printing systems[18]. 
However, the fundamental limitation of these multinozzle 
bioprinting systems is the considerably long printing time 
while switching between different bioinks, in addition to 
the need of accurate calibration of all printheads before 
the deposition process[3,19,20]. Moreover, multinozzle 
bioprinting systems result in a discontinuity in the printed 
filament morphology that adversely affect the mechanical 
integrity of the 3D-printed structures[19]. To overcome these 
limitations, several researchers focused on bioprinting of 
multiple hydrogels through a single nozzle[20-23].

Implementing multireservoir single-nozzle systems is 
simple, though this strategy is ineffective for systematically 
printing tissue engineering structures with continuous 
gradient features. A variety of mixers have been used to 
tackle this limitation by blending two or more biomaterials 
in various concentrations to facilitate multimaterial 
bioprinting tasks[23]. In this case, active and passive or 
static mixers have been extensively studied. Static mixers 
are usually easier to assemble and more biocompatible 
compared to active mixers, since they cause less shear 
stresses to the encapsulated cells[24]. Recently, Kenics static 
mixers (KSM) have been employed to enable chaotic 
bioprinting of multimaterial constructs[15] and this is a 

rapidly expanding field to overcome the restrictions of 
mixing highly viscous biomaterials[25].

Computational fluids dynamics (CFD), simulations 
of the biopolymer flow in extrusion-based bioprinting 
processes, are widely used to understand the relationship 
between printing parameters, nozzle size and geometry, 
viscous forces, and material properties during the 
bioprinting process. More specifically, it enables to 
determine inner parameters that are experimentally 
difficult to evaluate, such as pressure, velocity, flow rate, 
and also shear stresses on cells in the case of bioinks. It 
is known that the dispensing pressure, and particularly 
shear stresses, have a significant influence on cell 
survival[26-29]. However, only few simulation studies have 
investigated shear stresses and cell viability on extrusion-
based bioprinting processes, considering different nozzle 
geometries and dispensing pressures[30-34]. Moreover, all 
these studies have only considered the simulation of a 
single-material bioprinting process.

In this work, we extensively investigated the extrusion 
process of non-Newtonian alginate and gelatin solutions, 
through an entire and novel dispensing system consisting 
of two cartridges, KSM integrated mixing chamber and 
a single nozzle. To the best of our knowledge, to date, no 
numerical study has yet investigated the inner parameters 
such as shear stress, pressure, and velocity field as well 
as mixing index within the KSM-embedded 3D model 
of printing head flow domain. The spatial distribution 
of the two different polymer solutions was quantitatively 
characterized by determining the mixing index. To 
understand the effect of the printing needle geometry on 
the inner parameters, cylindrical and conical nozzles with 
varying outlet diameters were investigated considering 
different printing pressures. The simulation results were 
validated by comparing predicted pressure drop results 
at different Reynolds numbers with existing empirical 
correlations. This model can be easily adapted to different 
biomaterials.

2. Materials and methods
2.1. Computational fluid dynamics analysis
A computational fluid dynamics (CFD) analysis was 
performed by using the simulation software package 
ANSYS® Academic Research Fluent 19.2 (ANSYS, 
Canonsburg, PA, USA) to numerically evaluate the mixing 
mechanism of two different biomaterials through a static 
mixer integrated printing head, and both the velocity and 
shear stress distribution profiles at the needle outlet during 
the extrusion process. Figure 1 shows the computer-aided 
design (CAD) model of the printing head equipped with 
cartridges, static mixer, and a cylindrical or a conical 
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printing needle. In this study, a miniaturized Kenics-type 
static mixer[35-38], consisting of multiple helical mixing units 
alternating clockwise and counter-clockwise directions, 
was used in all simulations. 

For the simulations, the material flow was assumed 
to be multicomponent, laminar, incompressible, 
isothermal, in steady state, and non-Newtonian, and 
have no chemical reactions occurring inside the printing 
head during the printing process. The volume continuity, 
momentum conservation, and transport equations for an 
incompressible flow are solved by finite volume method 
and given as follows[38]:

� � � �. �u 0 � (I)

� � � � �� � �. P u�uu v 2 � (II)

u.�� � � �C – C2 � (III)

where u is velocity (m/s), α is the kinematic diffusivity 
coefficient (m2s−1), C represents one of the mixing fluid’s 
concentration in the KSM channel, ρ is the fluid density 
(kg/m3), and P denotes the pressure (Pa).

The relationship between shear stress and apparent 
shear rate for a non-Newtonian fluid can be described by 
the following power-law model[39].

� �� k n
 � (IV)

where k is the fluid consistency index (Pa.sn), and n is 
power-law index (dimensionless) that, depending on 
the material rheological behavior, assumes the following 
values[40]:

	 •	 n<1, the fluid exhibits a shear-thinning behavior

	 •	 n=1, the fluid exhibits a Newtonian behavior

	 •	 n>1, the fluid exhibits a shear-thickening behavior.

Figure 1. Representation of mesh generation on the printing head and corresponding dimensions in mm.
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Materials to be printed through pneumatic (compressed 
air), mechanical (piston or screw), or solenoid (electrical 
pulses) driven printheads must exhibit shear-thinning 
properties, as this behavior allows to reduce shear stresses 
during the printing process and to enhance cell viability. 
The shear rate γ̇(s−1) can be defined as follows:

�
�

� �
�du

dr
P
L

r�
2

� (V)

where r (m) is the radius of the pipe, L (m). According to 
Metzner et al.[41], the generalized Reynolds number for a 
shear-thinning fluid is given by:

Re �
��
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where D is the pipe diameter (m).

In this study, non-crosslinked alginate and gelatin 
solutions were selected as the working fluids. The 
rheological data for both materials arepresented in Table 1.

In the simulations, all solid boundaries were 
considered as stationary walls, where the “nonslip” 
boundary condition was applied. Moreover, by adjusting 
the dispensing pressure at the inlet boundaries, different 
Reynolds numbers were obtained for the flow domain. 
The outlet boundary condition was set as atmospheric 
pressure in all simulations. The stationary solver was used 
to resolve the model, and calculations were carried out 
using pressure–velocity coupling (Coupled algorithm). 
To discretize the momentum and pressure formulation, a 
second-order upwind method was used, while the least-
squares cell-based method was used for the gradients. 
The relaxation parameters for pressure and momentum 
were set as 0.5 and set to 1.0, for body forces and density, 
respectively. For all simulations, the relative residuals of 
the velocity and continuity components were less than 
10−5, after approximately 1000 iterations, corresponding to 
a reasonably short calculation time (≤30 min) on an Intel 
processor with four cores. Convergence analysis was also 
tested, by monitoring the area-weighted average values of 
the shear stress and the velocity at the outlet. A stationary 

solution was achieved when these parameters reached a 
state of convergence.

To further investigate the effect of nozzle geometries 
(cylindrical and conical) and process parameters on cell 
viability, the flow rate, velocity magnitude, and shear stresses 
at the outlet, as well the axial discharge of the dispensing 
pressure along the printing head, were evaluated for the 
converged solution. A variety of nozzle outlet diameters, 
ranging from 0.25 to 2.00 mm, were examined at different 
inlet pressures (0.1–3.0 bar) for both nozzle types.

2.2. Mesh independence test
The 3D flow domain of the KSM-integrated printing 
heads was discretized, using the selective meshing feature 
of ANSYS Workbench meshing tool to create as many 
structured (hexahedral) elements as possible, and fill the 
remaining parts with tetrahedron elements. In this case, 
as the printing head consists of multiple bodies, we used 
the patch conforming method for the Y-shaped main body 
including the KSM, and the sweep method for sweepable 
bodies, such as barrels, and the other cylindrical parts 
(Figure 1). The mesh quality was refined near the mixing 
elements, and inflation layers were created for the pipe walls, 
to capture the flow fields more precisely in those places. To 
obtain reliable numerical results, grid-independence tests 
were conducted for all needle geometries with varying 
outlet diameters. These preliminary test results enabled to 
establish the best node layout and cell density, for numerical 
accuracy and computational load. Thus, a mesh sensitivity 
study was performed to observe how the outlet velocity 
magnitude deviates as the number of grids increased. The 
discretization of the models used in CFD simulations for 
both nozzle types is shown in Figure 1.

As shown in Figure 2, the calculated maximum velocity 
magnitude was stabilized by increasing the number of 
elements. Grid independence was achieved for the cylindrical 
and conical nozzle models, with 6 × 105 elements and 
8 × 105, respectively, beyond that no substantial changes were 
observed. Based on these preliminary convergence test results, 
a mesh of 7.3 × 105 and 9.8 × 105 elements were chosen as the 
optimal mesh density, as it provides high accuracy of results 
with a shorter computational time required for convergence. 
The maximum skewness for all model meshes were lower than 
0.85, with a minimum value of 2.3 × 10−5 and a minimum 
element quality of 0.09, which according to the literature is a 
nice evidence of good mesh quality[43].

2.3. Mixing index
The distributive capacity of the Kenics mixer was also 
investigated for different flow velocities. Distributive 
mixing, also known as simple or extensive mixing, 
represents the spatial distribution of the components 

Table 1. Rheological parameters of alginate and gelatin 
solutions[34,42]

Content n k [Pa sn]

Alginate 0.5 w/v% 0.977 0.032

1.0 w/v% 0.895 0.119

1.5 w/v% 0.840 0.346

Gelatin 7.0 w/v% 0.795 0.240
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across the fluid domain and, compared to dispersive 
mixing, it is easier to achieve. As the distributive mixing 
capacity of a mixer cannot be only judged based on the 
visual contour, it is essential to quantitatively evaluate 
the mixing performance. Therefore, the mixing efficiency 
of the static mixer was analyzed using a statistical 
measurement method based on the concept of intensity of 
segregation[44]. As previously reported by other studies on 
mixing processes[45-49], mixing can be quantified using the 
mixing index, denoted by M.I, at a cross-sectional plane 
perpendicular to the flow direction as follows:

M I.
max

� �1
2

2

�
�

� (VII)

where σ2
max denotes maximum possible variance at a cut-

plane normal to the flow direction and σ2 refers to the 
actual variance, which is defined as:

�2 2

1

1
� �

�
�n

c ci
i

n

( ) � (VIII)

where ci is the mass fraction at ith sampling point, c is the 
optimal mixing mass fraction and n is the number of 
sampling points on the associated plane. The optimal mass 
fraction (c) at the cut plane is equal to 0.5 for symmetrical 
boundary conditions[49]. The maximum variance (σ2

max) is 
determined by the following equation:

�max
2 1� �c c( ) � (IX)

As the optimal maximum mass fraction, c, is equal to 0.5, 
in the case of equal flow of the two fluid streams, the value 
of σ2

max is assumed to be 0.25. The mixing index varies from 
0 (representing completely unmixed state) to 1 (completely 
mixed fluid). As the mixing index decreases from 1 to 0, a 
lesser amount of mixing is achieved. Equally, the higher 
mixing index represents higher mixing performance. 
However, it has been reported that numerical results 
might overestimate the mixing quality, owing to numerical 
diffusion[50].

2.4. Model validation
The validation of the CFD simulations was conducted 
by evaluating the pressure drop, as it is more sensitive to 
numerical oscillations in comparison to velocity[51]. Thus, 
the pressure drop values, obtained from the numerical 
simulations at different Reynolds numbers, were compared 
with the available empirical correlations[37,52-54]. In general, 
these correlations for static mixers are often stated in terms 
of a Z-factor[37]. The Z-factor is determined by the ratio 
of the pressure drop within the static mixer, ΔP, to the 
pressure drop in the empty pipe with the same length and 
diameter, ΔP0

[37], as follows[54]:

Z �
�
�

P
P0

� (X)

For the laminar flow regime, the Z-factor for Kenics type 
mixers range between 5 and 8[44]. The pressure drop without 
a mixer is defined by the Hagen–Poiseuille equation[37]:

�P0

232
�

Re
�u L

D
� (XI)

Wilkinson and Cliff[37] presented a pressure drop correlation  
for Kenics mixers based on the Ergun equation, which is 
defined as:

Z � �7 19
32

. �P � (XII)

Another commonly used equation, to estimate Z-factor in 
Kenics mixers, was developed by Grace[52] as follows:

Z � � � �3 24 1 5 0 21. . . Re � (XIII)

Shah and Kale[53] account for the volume drop caused by 
the presence of KSM elements by proposing the following 
equation:

Z � � �
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Figure 2. Mesh independence test results obtained for (A) the cylindrical and (B) the conical nozzle-integrated models.
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where εindicates the void fraction of the KSM and was set 
as 0.87. 

Another important empirical correlation was proposed 
by Cybulski and Werdner[54] for Re<50:

Z � � � �5 4 1 5 0 028. . . Re � (XV)

3. Results
3.1. Characterization of material distribution and 
mixing index
Chaotic advection, also named chaotic stirring, defined as 
stretching and folding of the fluid layers in a continuous 
manner, is widely employed in industrial mixing, 
particularly in the absence of turbulence flow[35,36]. In 
this case, chaotic advection was achieved by using the 
Kenics static mixer, which consists of helical mixing 
units assembled in a cylindrical pipe. CFD simulation 
was conducted to evaluate the working principle of 
the KSM system. In this model, each mixing unit of the 
KSM consecutively divides the incoming flow into two 
substreams. As the two different material solutions are 
injected through the printhead, the number of lamellae 
between them is exponentially increased by each successive 
mixing elements (Figure 3). The total number of lamellas 
produced, using n-element KSM, is equal to s = 2n, where 
s represents the number of mixing units[15]. As the printing 
head includes six mixing elements, the total number of 
substreams at the outlet is equal to 32. Additionally, in 
the case of an uniform distribution of the streams, the 
thickness of each lamellae can be determined by df  /2

n, 
where df corresponds to the diameter of each lamellae[28]. 
Then, it is possible to create an internal lamella with 
adjustable thickness and striation number by changing the 
number of mixing units in the KSM printing head. 

The effect of the number of mixing units on the 
degree of mixing at different inlet velocities is presented 
in Figure 4 for the printing head model at different inlet 
pressures. Results show that the lowest mixing occurs at the 
cross-sectional plane, where no mixing element is present. 
As the fluids proceed to the outlet, uniform mass fraction 
distributions were progressively accomplished, and the 
mixing index significantly increased. Results also show 
that once the flow passes the fourth mixing element (near 
the exit), the mixing index remains almost the same for all 
considered cases. Similar results have been also reported, 
suggesting that high mixing quality can be achieved at the 
fourth or fifth element for nonreactive viscous fluids[55,56]. 
It is also important to note that the homogeneity of the 
mixture improves by increasing the extrusion pressure.

3.2. Outlet velocity
The volumetric flux was investigated for both cylindrical 
and conical nozzle printing heads. To understand the effect 
of printing pressure and various needle sizes on the flow 
rate, CFD simulations were conducted, and the results are 
presented in Figure 5. As observed, the volume flow rate 
increases by increasing the applied pressure. Moreover, 
at a constant extrusion pressure, the flow rate is directly 
proportional to the needle diameter for each nozzle type 
(Figure 5A and D). In the case of the cylindrical nozzle, 
the highest flow rate value was 47.75 µL, with a needle 
diameter of 1.00 mm and an inlet pressure of 3.0 bar, while 
the lowest flow rate was 0.01 µL with a needle diameter 
of 0.25 mm and a pressure of 0.5 bar. Additionally, as 
observed from Figure 5D, the volumetric flow rates are 
significantly higher in the case of a conical nozzle than in 
the case of a cylindrical nozzle. At 0.5 bar inlet pressure, for 
instance, the calculated area-weighted average flow rate in 
the conical nozzle is nearly 600-fold greater. Results seem 

Figure 3. The working principle of the KSM-integrated printing head with conical nozzle. Alginate and gelatin solutions are represented by red- and blue-
colored streams, respectively.
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to indicate that the use of conical needles is the best option, 
if high volumetric flow rates are required. This is critical 
if the mixture of hydrogels being dispensed is highly 
viscous, and inconvenient to distribute with a cylindrical 
nozzle. It is also important to note that the equivalent flow 
rates of the printing heads with a cylindrical nozzle can 
be achieved with substantially lower dispensing pressures 
in conical nozzle systems. Numerically calculated area-
weighted average outlet velocities under various extrusion 
pressures are presented in Figure 5B and E for cylindrical 
and conical nozzles.

As the mixture of both polymers moves from the 
mixing channel to the nozzle, which corresponds to an 
abrupt change in the cross-sectional area, a significant 
increase in the linear velocity occurs. Similar to the flow 
rate results, the velocity magnitude increases at the tip of 
the nozzles as the applied pressure increases. Results also 
show that the velocity magnitude reaches a peak value at 
a pressure of 3 bar and 1 bar for cylindrical and conical 
nozzles, respectively. It is also important to note that the 
velocity profile at the nozzle tip is one of the essential 
parameters, enabling to control the morphology and 
quality of printed fibers. In Figure 5C and F, the radial 
distribution of velocity at the nozzle outlet is plotted for 
different nozzle sizes (ranging from 0.25 to 1.20 mm) and 
a constant dispensing pressure of 1 bar. As can be observed 
in Figure 5C, the simulated velocity profiles exhibit a 
nearly parabolic, fully developed typical Newtonian-like 
fluid behavior, implying that the shear rates have a lower 
impact on the mixture viscosity. This can be explained by 
the low shear rate values, aroused during the deposition 
process for all considered cases. 

The maximum shear rate of 521 s−1 was observed 
for the largest nozzle diameter. These results can be 
attributed to the power-law index of alginate and gelation 

solutions considered in the present study. Since the 
flow index (n) parameters of each hydrogel forming the 
mixture are close to 1, which represents a Newtonian 
fluid, the fluid exhibits a weak shear thinning behavior. 
However, similar to the results reported by Billiet et al. 
and Ortega et al.[34,57], conical nozzle-assembled printing 
head simulations exhibited higher shear rates. However, 
contrary to Newtonian fluid’s parabolic flow profile, the 
velocity of the mixing fluid remains almost constant in 
the center of the nozzle, and rapidly decreases near the 
walls, where a layer of material mixture undergoes shear 
thinning (Figure 5F).

This shear-thinned fluid layer behaves as a lubricant, 
enabling the rest of the intact biomaterial (material at the 
center) to move through the nozzle in a flow configuration 
known as plug flow[58]. It is widely accepted that a plug-
like flow characteristic might be the mechanism through 
which the bioinks protect cells from the harmful effects 
of the high shear stress values[58]. Due to the limited 
information in terms of flow rate, simulation setup, 
biomaterial rheology, and printing head geometries, 
comparison between previous studies is not meaningful. 
However, it is important to highlight that the flow rate, as 
a directly shear-determining quantity, is more trustworthy 
than dispensing pressure, in comparing shear conditions 
for different nozzle sizes and biomaterials. Figure 5G–L 
shows velocity distribution maps across the cylindrical 
and conical nozzles with different outlet diameters (0.25, 
0.61, 1.00, and 1.20 mm) for the same applied pressure 
of 1 bar. As expected, the maximum velocity magnitudes 
were observed at the center of the nozzle tips. Since no-slip 
boundary conditions were applied between the biomaterial 
solution mixture and the walls, a radial velocity gradient 
was achieved from the walls to the center of the nozzle tip. 
According to the simulation results, minimum velocity 

Figure 4. Mixing index results as a function of dispensing pressure for different number of mixing elements.
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Figure 5. Simulation results for two types of printing needles. Cylindrical nozzle: (A) volumetric flow rate at the nozzle tip versus dispensing pressure,  
(B) area-weighted outlet average velocity, and (C) velocity profiles across the radius. Conical nozzle: (D) flow rate versus applied pressure, (E) area-
weighted outlet average velocity under varying inlet pressures, and (F) the radial velocity distribution for various nozzle sizes. (G, H, I) Cylindrical and 
(J, K, L) conical nozzle velocity contour plots at 1 bar inlet pressure and different outlet diameters: (G, J) 0.25mm, (H, K) 0.61mm, (I) 1.00mm, and  
(L) 1.20mm for conical needle.
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values were obtained for the nozzles with smaller diameters, 
which are aligned with previous reported results[57,59].

3.3. Model validation and pressure drop
To validate the simulation results, the pressure drop 
values for different Re numbers ranging from 0.1 to 100 
were compared with empirical correlations, as shown in 
Figure 6. As observed for the creeping flow (Re < 10), the 
Z-factor remains almost constant for the KSM. However, 
as the Re rises, an increment was observed in the Z values. 
Results from Figure 6 suggest that higher Reynolds 
numbers result in higher pressure drop. Moreover, our 
CFD results are well aligned with the results predicted by 
Equation XIV, for a given range of Re numbers. Based on 
the findings of Meng et al.[60], the Z-factor of a Kenics static 
mixer with an aspect ratio of 1.5 ranges from 5.64 to 8.63.

Previous studies investigating the deposition process 
only focused on the pressure drop inside the printing nozzle, 
without taking the barrels into account[30,54-55]. In this study, 
the pressure drop was comprehensively analyzed along the 
entire extrusion printing head, including barrels, KSM, 
and needles with different types and outlet diameters. As 
shown in Figure 7A and B, the pressure drop in the mixing 
chamber is negligible, as the inner diameter of the KSM is 
relatively larger than the nozzle diameters. For a dispensing 
pressure of 1 bar, the highest pressure drop occurred in the 
narrowing part of the printing head for all conical nozzle 
diameters (0.25, 0.40, 0.61, 0.84, and 1.00 mm) (Figure 7B 
and C). Moreover, as the mixture of the two polymeric 
solutions passes from the static mixer to the cylindrical 
needle, a significant pressure drop was observed regardless 
of the needle length (Figure 7D and E). hese results suggest 
that using finer nozzles will cause higher pressure drops, 
compared to nozzles with larger inner diameters. This can 
be attributed to the energy loss, caused by the wall-channel-

related hydrodynamic resistance against the material flow, 
which requires higher dispensing pressures. Applying high 
pressures at the inlets can have a detrimental impact on the 
cell viability, also requiring the use of systems with more 
powerful pumps[28]. Nair et al.[61] also observed that the 
use of a nozzle tip, with a diameter of 0.15 mm and high 
extrusion pressure (40 psi≈ 2.75 bar), resulted in karyolysis 
as well as pyknosis. 

3.4. Shear stress
The level of shear stress was carefully investigated in terms 
of key printing parameters, such as nozzle type, dispensing 
pressure, and needle diameter. Since the simulations were 
conducted for the entire printing head, the shear stress 
condition in the mixing chamber was first determined 
(Figure 8A). The simulation results showed that using the 
Kenics static mixer inside the printing head does not lead 
to a dramatic increase in the shear stress, as previously 
reported[28]. The shear stress distribution was further 
investigated for the cylindrical and conical nozzles at 
various dispensing pressures, and the results are presented 
in Figure 8B and C. As expected, results show that the 
nozzle is the most critical component of the entire printing 
system. This is mainly due to the abrupt narrowing of the 
cross-section in the nozzle domain, which results in a 
significant increase in the velocity field. 

The shear stress inside the flow domain is generated 
by the velocity gradient[62-64]. Simulation results revealed 
that the maximum shear stress occurs at the needle walls, 
being minimum along the central axis for both needle 
types. Moreover, as observed from Figure 8B–E, for the 
same inlet pressure values, the highest shear stresses occur 
for the cone-shaped nozzle type (≈6 kPa). However, this 
is only visible at the very tip of the nozzle. On the other 
hand, the use of a cylindrical nozzle generates lower shear 
stresses along the nozzle length (≈1 kPa), but for a higher 
passage length (12 mm). Figure 8C depicts shear stress 
curves as a function of extrusion pressure for different 
conical nozzle diameters. The obtained results are similar 
to those obtained by Billiet et al.[34], who investigated the 
cell viability of HepG2 cells using different needle types. 
They carried out a finite element modeling simulation 
considering non-crosslinked cell-gelatin methacrylamide 
as the working fluid, and obtained higher peak shear 
stresses at 1 bar extrusion pressures for the conical nozzle 
in comparisonwith the cylindrical nozzle setup. Our results 
for conical shaped nozzle are also in a good agreement with 
reported studies by Emmermacher et al.[1] and Samandari 
et al.[28]. Figure 8D shows that, by reducing the needle 
outlet diameter or by increasing the dispensing pressure, 
the shear stress at the needle walls increases. However, 
these findings do not coincide with those from Liu et al.[65], 

Figure 6. Comparisonbetween simulation results and results obtained 
from empirical correlations at various Re numbers.
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as we obtained higher stress values for the conical nozzle 
type, which can be attributed to the different boundary 
conditions anddifferent bioink used in the simulations. 
Muller et al.[32] also investigated shear stresses for alginate/
sulfate nanocellulose bioink through 2D axisymmetric 
finite element fluid flow simulations. They investigated 
the effect of shear stress using different nozzle types with 
varying outlet diameters. However, similar to Liu et al.[65], 
their findings cannot be directly compared with those from 
our study due to the different printing head geometry, 
applied biomaterials and boundary conditions.

In the case of cylindrical nozzles, shear stress 
distribution profiles at different inlet pressures (1, 2, and 
3 bar) over the radius of nozzle outlet diameters ranging 
from 0.25 mm to 1.00 mm are illustrated in Figure 9. 
Results show that the shear stress distribution along 
the radial direction is linear, and it is nearly zero in the 
channel core. In addition, increasing the applied inlet 
pressure from 1 to 3 bar resulted in higher shear values, 
for all investigated nozzle diameters and shapes, which is 
aligned with other reported studies[32,33]. In all considered 
cases, the magnitude of the shear stress at the needle walls 
ranges between 0.5 and 4.8 kPa. The highest shear stress 

was obtained when a needle radius of 1.00 mm and 3 bar 
inlet pressure were employed, whereas the lowest stress 
occurred in the smallest cylindrical needle flow (0.25 mm) 
at 1 bar extrusion pressure.

These results seem to suggest that conically shaped 
needles are favored over straight needle types when 
the inlet pressure dependency is low, but this tends to 
disappear at greater dispensing pressures. We anticipate 
that at lower pressures, which correspond to longer 
passage time, the enhanced passage of high shear stress 
for the straight nozzle will have a greater impact on the 
cells. However, at higher extrusion pressures, the induced 
shear stress will be dramatically higher, and the lower 
passage time for the conical nozzle will no longer be able 
to compensate these high shear magnitudes. In their cell 
survival studies, Billiet et al.[34] showed that the conical 
nozzle exhibit high cell viability levels (>97% at low inlet 
pressures of <1 bar), but higher dispensing pressures 
resulted in substantial viability loss when compared to the 
straight nozzle type. Recently, Blaeser et al.[66] showed that 
for shear stress magnitudes below 5 kPa, the cell viability 
was almost not affected by the deposition process. The 
average cell viability was also examined for applied shear 

Figure 7. Pressure drop results for an inlet pressure of 1 bar. (A) The local pressure contour plot in the mixing chamber. (B) Variation of pressure along the 
axial direction of the printing head; contour plots of pressure drop for different nozzle types with outlet diameter of 0.4 mm. (C) Conical needle, (D) long 
cylindrical needle (12 mm), and (E) short cylindrical needle (5 mm).
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stresses in the range of 5–10  kPa and >10kPa. Results 
revealed that the viability of cells decreased from 96% 
to 91% for moderate shear stresses (5–10 kPa), whereas 
a significant decrease was observed for the shear 
stresses over 10 kPa (76% of cell viability). Based on our 
simulation results, the maximum shear stress observed in 
the mixing channel was around 66 Pa. The highest shear 
stress for straight nozzles was below 5 kPa in all cases, 
whereas the peak stress values were obtained for conical 

needles with small outlet diameters (0.25 and 0.40 mm) 
at applied pressures of 1 bar. These results suggest that 
our printing heads will induce negligible cell damage. 
It should be noted that the rheological data, considered 
in our CFD simulations, was related to alginate and 
gelatin solutions without cells. However, several results 
demonstrated that, even in the case of high cell densities, 
no significant changes were observed on the bioink 
rheological characteristics[1,31,66,67].

Figure 8. Shear stress distribution results for 1 bar of dispensing pressure. (A) Heat map of the shear stress along the KSM-inserted mixing channel. (B) 
Conical nozzle with a diameter of 0.4 mm.(C) Long cylindrical nozzle (12mm) with 0.4 mm outlet diameter.(D) Variation of shear stress as a function of 
applied pressure and nozzle diameter. (E)Contour plot of shear stress for short needle (5 mm).
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4. Conclusion
The CFD model presented in this study enables to 
investigate the fluid flow of two different biopolymers in 
a KSM-integrated printing head during the extrusion 
process. The volumetric flow rate, pressure gradient, shear-
thinning behavior of the alginate–gelatin mixture, and the 
shear stress that occurs in the fluid domain were successfully 
predicted using numerical results, allowing to optimize 
the bioprinting process and to reduce the laborious trial-
and-error experimental approach. The spatial distribution 
of the biomaterials was analyzed at each successive cross-
sectional planes along the mixing chamber. Due to the 
presence of chaotic advection, the proposed printhead 
exhibited high mixing performance, regardless of the 
applied pressure from the inlets. The volumetric flow rate 
and velocity field were deeply investigated for cylindrical 
and conical shaped nozzles, with different diameters under 
varying dispensing pressures. Results suggest that, if high 
bioprinting velocities are required, conical nozzles seem to 
be the most suitable option. It was also observed that the 
obtained maximum shear stress values were sufficiently 
low to sustain high cellular viability.

Future work will focus on the extrusion of 
multimaterials in the printing platform using a numerical 
model to further investigate operating parameters, such 
as the nozzle tip-build plate distance, relative velocity 
between nozzle and substrate, and morphological analysis 
of the fibers after the deposition process.
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