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Abstract

Multi-material bioprinting is a promising technique for fabricating complex,
heterogeneous constructs with tailored mechanical and biological properties
for tissue engineering applications. Recently, the use of a helical static mixer in
bioprinting has shown feasibility for producing fibers from multiple biomaterials.
However, the underlying mechanisms of transient stream mixing and the control of
composition gradients during the printing process remain insufficiently understood.
This study investigates biomaterial mixing with the objective of improving the
spatial resolution of composition gradients along the longitudinal axis of printed
fibers. Computational fluid dynamics (CFD) simulations were utilized to investigate
the flow and mixing behavior of precursor streams, and the insights obtained were
used to redesign the bioprinting head for improved performance. Rheological
studies were performed to characterize the flow behavior of the biomaterials. The
results were used, in conjunction with CFD, to examine the mixing performance and
to estimate the transition time—defined as the delay between flow rate changes
at the inlets and the corresponding change in fiber composition. Our results
demonstrate that the redesigned bioprinting head achieved complete mixing of
biomaterials and that transition time can be effectively regulated or reduced by
preemptively adjusting inlet flow rates. This advancement enhanced the spatial
resolution of composition gradients by 17-30%, as confirmed through a case study
presented in this article. Additionally, adjustments to the toolpath further improved
gradient resolution. Overall, this study elucidates key principles underlying multi-
material bioprinting and provides strategies for improving bioprinting head design
to achieve finer spatial control of composition gradients.

Keywords: 3D bioprinting; Computational fluid dynamics; Flow behavior;
Multi-material bioprinting; Tissue engineering

1. Introduction

Three-dimensional (3D) bioprinting has attracted significant attention for the
fabrication of constructs and scaffolds in tissue engineering. This technology allows
for the production of constructs with customized internal architectures, mechanical
and biological properties, and the incorporation of bioactive agents such as drugs and
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growth factors, all aimed at mimicking the structure and
composition of native tissues.'* Native tissues are inherently
heterogeneous, composed of diverse material and cell
types organized into complex architectures that support
specific biological functions. Successfully replicating this
complexity requires reproducing both the compositional
and structural heterogeneity, which in turn demands
the integration of multiple biomaterials and various cell
types during the bioprinting process.”” Multi-material
bioprinting is an emerging technique that facilitates the
printing of multiple biomaterials and cell types, as well
as the control of compositional gradients within the
printed constructs. This approach markedly enhances
the capacity to replicate the heterogeneous structure of
native tissues.>*!' Various techniques have been adopted
to achieve multi-material bioprinting, such as the use of
multiple dispensing heads,'”*¢ selector valves,””** and/
or microfluidic systems.'** One such method involves a
multi-material printing head equipped with a microfluidic
mixing system, which can extrude a single fiber composed
of a controlled gradient of biomaterials along its length.
Despite its promise, microfluidic bioprinting faces
several limitations. The narrow flow paths inherent to
microfluidic channels can generate high shear stresses that
may compromise cell viability during extrusion.*?"** As
an alternative, mixing strategies involving static mixers—
particularly helical static mixers—have gained popularity
due to their simple geometry and effective mixing
performance.”* Alternating twisted helical elements
facilitate stream mixing via chaotic advection, which
is the most efficient mechanism for mixing in creeping
flows characterized by extremely low Reynolds number,

where inertial forces are negligible and mixing is achieved
through vortex generation.>*

Although the use of a helical mixer has been
demonstrated to be feasible for printing multi-material
fibers,** many aspects remain unexplored, particularly
regarding the mixing behavior of multiple flow streams
and their influence on bioprinting performance. In a
multi-material bioprinting head, precise manipulation
of biomaterial flow rates at the inlets is essential for
controlling the composition of the outflow stream along
the longitudinal axis. This control enables the printing of
scaffolds with controlled property gradients that mimic the
heterogeneous structure of natural tissues. However, due to
the internal volume between the inlets and the outlet of the
print head, changes in precursor flow rates at the inlets do
not immediately result in corresponding changes in fiber
composition at the outlet. This delay is referred to as the
transition time (#,). Notably, the transition time isa dynamic
parameter that depends on the internal biomaterial volume
of the print head, the initial composition of the flow, and
the targeted composition in the printed fiber. Figure 1
illustrates two major challenges encountered during
compositional transitions in multi-material bioprinting.
During the transition phase, the deposited fiber contains
varying fractions of the precursor materials, gradually
shifting from the initial to the intended composition
(Figure 1A). Therefore, minimizing the transition time is
crucial for improving the spatial resolution of property
gradients in printed fibers. Furthermore, if the precursor
streams are not well mixed during this phase, streaky
patterns may emerge in the printed fiber'®"” (Figure 1B).
These streaks can result in weak points along the fiber,

(A)

(B)

Figure 1. Composition changes in multi-material scaffolds. (A) Transition region with variable composition in a printed multi-material construct.
Reprinted with permission from Ref.'” Copyright © 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (B) Streaky fiber pattern resulting from

incomplete mixing during composition change.'”
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especially at locations with abrupt compositional changes,
increasing the risk of mechanical failure.

This issue can be addressed by improving the mixing
efficiency of the multi-material print head during its
transient operation. A precise and comprehensive
understanding of the flow and mixing processes enables
refinement of inlet flow rate control, thereby improving
composition modulation throughout the multi-material
bioprinting process. Unfortunately, the dynamics of
compositional transition and associated problems (such as
the formation of streaky patterns) have not been thoroughly
investigated and elucidated in the literature, largely due
to the complexity of the system and challenges related to
experimental observation. In this context, computational
fluid dynamics (CFD) modeling has recently emerged as
a powerful and promising approach.**** CFD employs
numerical methods to solve the partial differential
equations governing fluid flow and mass transport,
providing comprehensive insights into phenomena such
as velocity distribution, pressure fields, shear stress, and
mass fraction evolution. CFD has been extensively used
to predict the performance of extrusion-based bioprinting
systems, including conventional and coaxial print heads,
under varying operational conditions such as different
extrusion pressures and printing speeds.’** It has also
been applied to evaluate the performance of helical mixers,
particularly in predicting the striated internal structure
of fibers generated by chaotic flows—referred to as
chaotic printing.*”**

Studies have shown that CFD simulations of
biomaterials mixing in multi-material bioprinting heads
equipped with helical mixers can elucidate velocity and
shear stress distributions in cylindrical and conical nozzle
geometries, providing valuable insights for optimizing
bioprinting performance.” Other studies have reported
that CFD can assist in the design optimization of multi-
material bioprinting heads.* For instance, it was found that
increasing the inclination angle of helical mixing elements
elevates shear stress, and that these simulated shear stresses
correlate with cell viability outcomes from live/dead assays
using alginate-based bioinks containing MC3T3-E1 mouse
embryonic osteoblasts. It is important to note, however, that
the aforementioned studies were performed under steady-
state flow conditions, focusing primarily on the impact of
print head and mixer geometry on shear stress distribution
and mixing performance. These studies did not consider
transitional flow conditions, as encountered during
compositional changes in multi-material bioprinting. As
such, the literature remains limited in its exploration of
transient precursor mixing, the dynamics of transition
time, and the potential structural and biological issues
associated with gradient-based multi-material bioprinting.

This paper presents a study on the multi-material
bioprinting process using a helical mixer to print fibers
with controlled compositional gradients. CFD was utilized
to investigate the flow and mixing behavior of precursor
streams within a multi-material bioprinting head, and the
CFD simulation results were used to inform the design of
a bioprinting head optimized for improved performance.
Unlike previous studies,’® the present work explicitly
considers the effect of biomaterial volume within the
bioprinting head and reveals its influence on the transition
dynamics during changes in fiber composition.*** The flow
behavior of the biomaterials and their mixture at different
temperatures was characterized using a parallel plate
rheometer. A composition- and temperature-dependent
model was developed to represent their rheological
behavior accurately. Furthermore, mathematical equations
were derived to relate the inlet stream compositions and
flow rates to the resulting fiber composition in the multi-
material bioprinting process. The designed bioprinting
head was evaluated using two distinct biomaterials, and
transition times for composition changes in the printed
fibers were calculated based on CFD simulation results. In
addition to demonstrating the successful operation of the
modified print head for producing composition gradients,
the CFD simulations revealed that a predictable portion
of the transition time can be eliminated by preemptively
adjusting the inlet flow rates. This approach significantly
enhances the spatial resolution of compositional gradients,
demonstrating its value for multi-material bioprinting.
Moreover, by linking the apparent viscosity of the
biomaterial mixture at the nozzle outlet to the CFD-
predicted transition time, this study proposes strategies
to further improve the spatial resolution of composition
through adjustments in the bioprinting toolpath.

2. Materials and methods

2.1. Multi-material bioprinting head

Figure 2A and B illustrates the flow geometry of the
initial design for a multi-material bioprinting head
equipped with a helical mixer and two inlets. The overall
geometry resembles that of a T-mixer with a circular
cross-section, featuring a helical static mixer to enhance
mixing efficiency. This configuration is similar to the
basic layouts of multi-material heads reported in previous
studies, albeit with certain modifications.”** The tapered
and chamfered nozzle geometries were adapted from
GA27 Luer lock nozzles, as specified in technical data
provided by Nordson-EFD (Nordson, United States of
America [USA])." The cylindrical T-shaped body of the
head, designed to be compatible with Nordson’s Luer lock
fittings, was modeled using SOLIDWORKS (Dassault
Systémes, France) computer-aided design (CAD) software.
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The geometry of the helical mixing elements was
based on the Series 190 spiral mixers available from
Nordson-EFD (Nordson, USA). As shown in Figure 2C,
the helical static mixer consists of alternating clockwise
and counterclockwise 180° twisted plates arranged axially.
The leading edge of each element is positioned at a right
angle to the trailing edge of the preceding one. These
elements were mounted onto a 0.9 mm diameter rod for
installation inside the print head. The 3D geometries of the

T-shaped head body, the helical mixer, and the printing
nozzle were assembled in SOLIDWORKS to construct a
complete model of the multi-material bioprinting head.
The assembly process in SOLIDWORKS was adjusted
to match the geometric and dimensional constraints of
real-world components.

Once the head geometry was finalized, ANSYS
SpaceClaim software (Ansys, USA) was employed to extract
the internal fluid domain (flow geometry) by subtracting

my —> <— Mg
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Figure 2. Fluid domain geometry inside the multi-material head with helical mixer connected to (A) a tapered nozzle and (B) a chamfered nozzle. Fluid
volume (left); symmetry plane section with dimensions (right). (C) Geometry of the helical mixer (solid body): front view (left) and isometric view (right).
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the solid parts from the 3D model. The resulting continuous
internal volume was defined as the fluid flow domain for
simulation purposes. The dimensional specifications of the
fluid domain and the helical mixer elements are presented
in Tables 1 and 2, respectively.

The dimensions of the printed head components in
this initial design are fully compatible with the helical
mixers and Nordson-EFD’s Luer lock nozzles. However,
these nozzles were not designed for applications involving
variable compositions or gradient printing. As a result,
they retain a considerable internal volume of fluid, which
contributes to delays in transitioning fiber composition
during bioprinting.

The composition of the printed fiber corresponds
directly to the composition of the outflow stream, which
is controlled by the compositions and flow rates of the
biomaterials introduced at the two inlets. Assuming
that the average velocity of the outflow stream is equal
to the printing speed,”” and that the total flow rate and
composition remain constant during a given operational
mode, then any increase in flow rate at one inlet must
be offset by a corresponding decrease at the other. This
reciprocal adjustment alters the composition of the printed
fiber while maintaining a constant total flow rate.

On the other hand, the flow inside the bioprinting head
is characterized by creeping flow with an extremely low
Reynolds number, indicating minimal natural mixing. The
alternating twist of the helical mixing elements creates a
striated structure within the flow by dividing the stream into
two sub-streams, which are then radially redistributed and

recombined in an alternating pattern. This process induces
chaotic advection, the most efficient mixing mechanism
at low Reynolds numbers.”® Therefore, sufficient space
should be allocated within the print head to accommodate
a static mixer that enhances biomaterial mixing through
chaotic advection. This requirement presents a significant
design challenge when developing a multi-material print
head intended to control fiber composition with minimal
transition time.

For the mixing of two streams using helical mixers,
the number of striations in the cross-section increases
exponentially, given by**:

s=2" )

where s is the number of striations and # is the number
of mixing elements. The average striation thickness is:

§=-L (11)

where d denotes the diameter of the flow passage.
This striation effect significantly reduces the mixing length
and, consequently, the mixing time.”® The mixing time can
be approximated by:
2
_ 4 (I10)
Ds’

mix

The mixing time becomes comparable to the residence
time of the flow within the head, which is given by:

Table 1. Glometrical characteristics of multi-material heads with various nozzles and helical mixers (all dimensions® in millimeter)

Nozzle type Mixer diameter D1 D2 D3 D4 L1 L2
3.18 2.0 3.18 0.9 0.2 10.0 8.8
Tapered
2.36 2.0 2.36 0.9 0.2 10.0 8.8
3.18 2.0 3.18 0.9 0.2 10.0 9.7
Chamfered
2.36 2.0 2.36 0.9 0.2 10.0 9.7
2.36 2.0 2.36 0.9 0.2 10.0 7.4
Conical
1.8 1.6 1.8 0.6 0.2 10.0 7.4

‘Dimensions based on the geometry of nozzles, mixers, and connection of parts in SOLIDWORK assemblies (except for the 1.8 mm conical nozzle that

has a customized geometry).

Table 2. Geometrical characteristics of Series 190 spiral mixers from Nordson*' (all dimensions in millimeter)

Diameter (w)* Element length (h) Element thickness (6) Twist angle (¢)
3.18 2.75 0.62 180°
2.36 2.46 0.4 180°

Note: aAs a customized geometry, 1.8 mm helical mixers have the same geometrical characteristics as the 2.36 mm ones, except for the smaller diameter.
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Iv)

where D, ¢, and u, denote the diffusion coefficient,
flow passage length, and average flow velocity, respectively.

2.2. Dependencies between inlet and outlet flow
conditions

During steady-state operation of the multi-material print
head, two aqueous streams enter from inlets A and B with
mass flow rates 1, and 11, respectively. The combined
stream exits through the nozzle with a total mass flow rate
m,,, (seeFigure 2). To ensure smooth fiber deposition with
a consistent diameter—assumed equal to the nozzle outlet
diameter and neglecting swelling effects—the average
velocity is taken to match the print head movement speed
V during printing**

nd’pV

out
4

V)

where p is the fluid density. By the principle of
mass conservation:

(VD)

mout = mA + mB

Assume the inlet streams consist of aqueous solutions
of biomaterials C1 and C2, with mass fractions Y,

CLA
and Y, , at inlets A and B, respectively. The outflow
will then contain mass fractions Yoy ow and Y, .. The

concentration ratio of precursors at the outlet, denoted 3,
is defined as:

Y,

_ ~Clout

Y,

C2,0ut

7 (VII)

For a given printing condition, this concentration ratio
represents the composition of the printed fiber. To simplify
composition control, a reference operation is defined in
which the two inlet streams are mixed in a 1:1 ratio:

mA,ref =m

out

B, ref = T (VIH)

By applying mass conservation for individual
components and through some mathematical operations
and rearranging (Appendix A), the following reference
relationships are obtained:

_ Yeia
Vet = Yeos =
and:
YCl,out,ref = #(YCLA +Y0op ) X)
YCZ,aut,ref = m(ycm Y5 ) (XT)

For printability considerations, it is essential to
maintain a constant total outflow rate throughout the
process. To relate the composition of the outflow stream to
the reference case, flow ratios « and f3 are introduced:

Y, m 0
o= Cl,out =— Cl,out =— A (XII)
YCl,out,ref mCl,out,rzf mA,ref
ﬂ — YCZ,out — -mCZ,our — .mB (XIII)
YCZ,out,ref mCZ,aut,ref mB,ref

These relations describe how the inlet flow rates are
scaled relative to their reference values. Notably, « and

B satisfy:

a+f=2 (XIV)

They can also be expressed in terms of concentration
ratios:

Zvlref

2
a=—2 =
VY.,

14 +Wref ’

(XV)

These relations show that a can be used as a control
parameter to adjust the biomaterial flow rates at the inlets
to achieve the intended composition 1 at the printed
fiber. Appendix A provides detailed steps for deriving the
equations listed in this section. Equations VII, XII, XIV,
and XV are the key governing relationships for controlling
printed fiber composition by manipulating the mass flow
rates at the two inlets. By adjusting these parameters,
the multi-material print head can produce fibers with a
controlled longitudinal gradient in composition. Given the

known precursor compositions at the inlets (Y, ,,Y,

1,LA>~C2,B )
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and the printing speed, the intended 1) can be achieved by
appropriately adjusting the a value. The algorithm for this
adjustment will be discussed in the following sections.

Any change in the inlet flow rates initiates a transient
flow regime, triggered by the application of step-function
inputs at both inlets. A new steady-state condition is
established after a transition period, which is required for
the complete change in the composition of the outflow.

2.3. Preparation of biomaterials

Medium-viscosity sodium alginate salt derived from
brown algae (CAS no. 9005-38-3) and medium-viscosity
sodium carboxymethylcellulose (CMC) salt (CAS no.
9004-32-4) were procured from Sigma-Aldrich (USA).
Aqueous solutions at specified concentrations (mass
fractions) were prepared by first blending the dry powders
in desired mass ratios, followed by dissolution in Milli-Q
water. After preparation, the solutions were allowed to
stand undisturbed for 6 h to relieve any residual stresses
and to eliminate bubbles that may have formed during the
mixing process.

2.4, Rheology

All rheological measurements were performed using a
Discovery HR-20 Rheometer (TA Instruments, USA)
with 60 mm parallel plates, under controlled temperatures
ranging from 10 to 40°C. Samples were gently loaded onto
the bottom plate using a spatula, and the upper plate was
lowered slowly to prevent disruption of the fluid structure.
The samples were then allowed to rest for 10 min prior to
testing. Flow curves were obtained by applying shear rates
ranging from 0.01 to 1000 s™".

The apparent viscosity # is defined using a generalized
form of the viscosity law, which relates the shear stress
tensor (7) to the strain rate tensor () as follows*:

T= ny (XVI)
For a Newtonian fluid, # is the constant dynamic

viscosity. However, for non-Newtonian fluids, # varies with
the strain rate.

Several time-independent mathematical models
describe the flow behavior of non-Newtonian biomaterials
by expressing apparent viscosity as a function of shear
rate. The model that best fit the steady shear behavior of
the tested fluids was selected using TRIOS software (TA
Instruments, USA), which analyzes rheological data
acquired from the rheometer.

In addition to steady shear tests, oscillatory shear tests
were conducted on alginate and CMC aqueous solutions at

different temperatures to determine the storage (G’) and
loss moduli (G’), thereby characterizing the rheological
behavior of the solutions. However, due to the limited
ability of current mathematical viscoelastic models to
accurately describe the flow behavior of mixtures (as
discussed in Section 3.1), the rheological investigation
primarily focused on steady shear rheology.

Results from steady shear tests on alginate, CMC, and
alginate-CMC aqueous solutions—with various mass
fractions and tested across multiple temperatures—were
used to develop a composition- and temperature-dependent
non-Newtonian viscosity model. This model captures how
the mixture’s flow behavior evolves during mixing inside
the print head. The experiments followed a design matrix
generated in Minitab (Minitab LLC, USA) for a design
of experiments (DOE) at 25°C, covering alginate—-CMC
mixtures with alginate mass fractions ranging from 0
to 4% and CMC from 0 to 1%. To examine temperature
dependency, a second DOE was generated, covering the
temperature range of 10-40°C. All tests were performed in
triplicate, and concentrations are presented as mass fractions.

To relate the apparent viscosity of alginate-CMC
solutions to the mass fraction of the biomaterials,
composition-dependent equations were fitted to the
parameters of the selected non-Newtonian model.
Data analysis was performed using OriginPRO 2021b
(OriginLab, USA). Surface equations were fitted using
alginate and CMC mass fractions as independent variables
and the non-Newtonian model parameters as dependent
variables. Temperature dependence was incorporated
by fitting Arrhenius-type equations to the temperature-
dependentapparent viscosity data for various compositions.

2.5. Governing equations and numerical methods
Assuming incompressible flow, the governing equations
for biomaterial flow are expressed as follows*:

Continuity equation:

0 .
P v pU=0 (XVII)
ot
Momentum transport equation:
D pﬁ
(Dt ) =-Vp+V.T+pg (XVIII)

D . . N . .
where o is the material derivative, {7 is the fluid
t

velocity vector, g is the gravitational acceleration vector,
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and p and p denote the pressure and density of the fluid,
respectively.

The mixing of biomaterials is modeled by solving
the convection-diffusion transport equation for
each component, assuming no chemical reactions or
phase changes®:

D\ pY, -
%) __gj (XIX)
Dt
where the diffusion flux is given by:
J,=—pD\VY, (XX)

Here, Y, is the mass fraction of i component, and D,
is its diffusion coefficient in the mixture. The diffusion
coeflicients of alginate and CMC in aqueous solutions
at 25°C were taken as 0.78x10° m?*s and 0.49x10”
m?/s, respectively.**

The governing equations, along with appropriate
boundary conditions and flow behavior models, were
solved using the finite-volume CFD software ANSYS
Fluent 2021-R1 (ANSYS, USA). Polyhedral meshes were
generated using ANSYS Fluent Meshing, with local mesh
refinement around small geometric features (e.g., the
thickness of the helical mixer elements). Mass flow inlet
boundary conditions specifying the component mass
fractions were applied at the inlets, while a pressure outlet
boundary condition with ambient pressure was set at the
outlet of the multi-material bioprinting head. Additionally,
a no-slip condition with a zero-gradient condition for mass
fractions was applied on all solid walls. All simulations
employed a pressure-based solver with the SIMPLEC
algorithm for pressure-velocity coupling and the QUICK
scheme for spatial discretization of the momentum and
component transport equations. Grid independence was
verified for all cases by examining the axial velocity profile
at the outlet boundary.

To calculate the apparent viscosity of alginate, CMC,
and their ternary mixtures, user-defined functions (UDFs)
were written and interpreted to the Fluent solver. These
UDFs calculated the parameters of the composition-
dependent viscosity model (at 25°C) and updated the
apparent viscosity distribution within the flow domain
after each step of the numerical solution.

2.6.Validation
While CFD is a powerful tool for analyzing fluid flow
and mixing, it is important to validate the validity of the

numerical results by comparing them with experimental
data for simplified flow scenarios that share similar physics
and geometry with the original problem. Given that the
intended multi-material bioprinting process involves fluid
flow and mixing through a helical static mixer and a nozzle,
validation was performed using both experimental results
and empirical correlations related to flow and mixing in
helical mixers,***> as well as extrusion through a tapered
nozzle. Figure B1 (Appendix B) shows the geometry of the
fluid domain used to simulate flow and mixing through a
helical mixer with a diameter of 3.18 mm. Table 2 provides
the geometrical specifications of the helical mixer employed
in the CFD simulations. The mixer was positioned 300 mm
downstream from the inlet and 200 mm upstream of the
outlet of a pipe with the same diameter.

Experimental studies reported in the literature
primarily focus on the flow and mixing of Newtonian and
power-law non-Newtonian fluids in helical mixers.2**-*
The power-law model, one of the simplest non-Newtonian
fluid models, describes the relationship between shear
stress and shear rate in a simple shear flow as follows*:

r=Ky" (XXI)

where K and n are the consistency coefficient and

power-law index, respectively. The apparent viscosity is
defined as:

(XXII)

where )_/ denotes the magnitude of the shear rate. This
formulation allows the generalized viscosity law (Equation
XVI) to be applied to power-law fluids.

Table 3 lists the physical and rheological properties of
the Newtonian and non-Newtonian fluids considered for
validation of flow and mixing in the helical mixers.**** For
all cases, mass flow inlet and pressure outlet boundary
conditions were applied at the respective boundaries, while
all solid walls were treated with a no-slip condition.

Given the role of stress distribution and the striated
flow patterns generated by the helical mixer in promoting
mixing, validating CFD results against a hydrodynamic
parameter such as the friction factor is crucial. The friction
factor calculated from the CFD results for both Newtonian
and non-Newtonian fluids was compared against empirical
correlations from the literature to assess the accuracy of the
numerical simulation. For Newtonian fluids, the Reynolds
number and Fanning friction factor are calculated as*:
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pdu,,
Re= ., (XXTII)
= —221AP 5 (XXIV)
P,

where u_ is the average velocity, and d and L are the
diameter of the pipe (and mixer) and the length over which
the pressure loss is measured, respectively. For power-law
fluids, most researchers use a generalized form of these
definitions for helical mixer flow***

dnumz—np
Re,,, = - (XXV)
Ke*"[(3n+1)/4n] 8"
dAP
=——s’ (XXVI)
2Lpu,,

Here, ¢ is the void fraction of the static mixer, set to 0.9
based on the mixer geometry.

Several  criteria exist to measure mixing
homogeneity,**>* with the mixing index (MI) being
the most commonly used parameter for evaluating
homogeneity in a flow cross-section. It is calculated
as follows™~*:

x (XXVID)

o, = (XXVIII)

>(1-7)

3=

where o, denotes the standard deviation of the mass
fraction at a cross-section, o, is the maximum standard
deviation when no mixing occurs,™ Y’ is the mass fraction
at point j, Y is the mass fraction in a homogeneous
mixture, and m is the number of sampling points. A
mixture is generally considered homogeneous when MI

exceeds 0.95.* For the mixing of identical fluid streams,
mass flow inlets were applied at both entry points, and
a pressure outlet boundary condition was assigned at
the outlet. All solid walls were considered as no-slip
boundaries. The experimental results of Alloca® were used
to validate numerical results for mixing. The geometry
used was the same as in Figure B1 (Appendix B), except for
the inclusion of a secondary stream inlet located along the
pipe’s centerline. The number of mixing elements varied
from 8 to 12. The physical properties of the primary and
secondary streams were identical to those listed for the
Newtonian fluid in Table 3, and the secondary flow rate
was 10% of the primary flow rate.

In order to validate the numerical simulation results
for predicting the flow of non-Newtonian biomaterials
through a nozzle, experimental tests were performed
using the GESIM Bioscaffolder (GESIM Bioinstruments
and Microfluidics, Germany). Flow rates of 3 and 4%
alginate aqueous solutions were measured as they passed
through a GA27 tapered nozzle connected to a 10 mL
syringe (Nordson-EFD, USA), driven by various upstream
pneumatic pressures.

The geometry used in the simulations was generated
by extracting the fluid domain geometry from a solid
assembly model created in SOLIDWORKS, which
combined the geometries of the 10 mL syringe and the
GA27 Luer lock tapered nozzle. The CAD models were
adapted from files available on the Nordson website
(https://www.3dcontentcentral.com/parts/supplier/EFD,-
Inc/71022.aspx).”” The fluid domain was extracted from the
solid assembly file using SpaceClaim. Figure 3 illustrates
the geometry of the fluid domain used in the numerical
simulations of alginate solution flow through the syringe
and tapered nozzle. Given the axisymmetric geometry
of the fluid domain, only one quarter of the domain—
bounded by two symmetry planes—was modeled in the
simulations. Boundary conditions included a pressure
inlet at the liquid-gas interface inside the syringe, a
pressure outlet at the nozzle outlet, no-slip conditions on
all solid walls, and symmetry boundary conditions on the
symmetry planes.

During the experimental measurements, the flow
rate was measured by weighing the amount of fluid

Table 3. Physical and rheological properties of Newtonian and non-Newtonian fluids used in computational fluid dynamics

validation*®**

Fluid Density (kg/m?) Dynamic viscosity (Pa-s) Consistency coeflicient (Pa-s") Power-law index
Newtonian fluid 997 0.001 - -
Non-Newtonian fluid 1000 - 2.44 0.550
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dispensed from the nozzle over a specified time interval.
As the GESIM Bioscaffolder employs pneumatic pressure
to extrude biomaterials, there are inherent delays at the
start and end of flow due to the compressibility of the
nitrogen gas. To minimize the effect of these delays, the
measurement duration was chosen to be sufficiently long,
thereby effectively reducing the effect of pressure ramping
on the average flow rate. The results were reported as the
average of five measurements conducted at a consistent
pneumatic driving pressure. After each measurement, the
syringe was refilled to minimize the impact of fluid column
height reduction. The average height of the liquid column
before and after each test was used to determine the volume
of biomaterial within the syringe’s fluid domain.

2.7. Improving the geometry of the multi-

material head based on computational fluid
dynamics simulations

The initial geometry of the multi-material head, shown
in Figure 2, was designed to be compatible with tapered
and chamfered nozzles and helical static mixers, all
commercially available from Nordson. The geometric
and dimensional constraints for assembling the mixing
elements, Luer lock fitting, and nozzles were adapted
from Nordson’s specifications.””” Two mixing elements
with diameters of 2.36 and 3.18 mm were fitted inside the
cylindrical body of the multi-material head, which serves

as the mixing chamber. The internal diameter of the Luer
lock fitting was adjusted to match the diameter of the
selected mixer.

CFD simulations were performed to analyze the flow
and mixing of two identical 4% alginate streams, designated
as alginate-A and alginate-B, within the bioprinting head.
Evaluating mixing efficiency using fluids with identical
properties is a common approach in numerical and
experimental studies to simplify the problem and isolate
the effectiveness of the mixing method,”* avoiding
complications originating from differences in rheological
and diffusive behavior. To further simplify the analysis,
both alginate-A and alginate-B were treated as pure fluids,
with alginate-A modeled as a passive tracer.”**** This
approach leads to the solution of Equation XIX, which
governs the mixing of the passive tracer (alginate-A) with
alginate-B. The boundary conditions for Equation XIX
were defined as follows: a mass fraction of 1 at inlet A, 0 at
inlet B, and zero-gradient conditions on the solid walls and
at the outlet. Solving Equation XIX yields the distribution
of alginate-A within the flow field, with values ranging
from 0 (100% alginate-B) to 1 (100% alginate-A). A value
of 1 represents 100% alginate-A (0% alginate-B), and a
value of 0 represents 0% alginate-A (100% alginate-B). A
value of 0.5 indicates complete mixing, corresponding to a
1:1 mixture. This method provides a clear visualization of
the mixing process within the flow field and is specifically

¢ Inlet

Symmetry | l Wall

{
|
| Outlet

y

35

Figure 3. Fluid domain geometry (quarter view) for a GA27 tapered nozzle connected to a 10 mL syringe (left); symmetry plane section with dimensions

(right). All dimensions are in millimeter.
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applicable to the mixing of two chemically and physically
identical solutions.

The results of the simulations were used to examine and
refine the initial design of the multi-material head, allowing
the identification of optimal geometries and dimensions.
After implementing design improvements, the modified
geometry was reconstructed in SOLIDWORKS, and the
corresponding fluid domain was prepared for further
CFD simulations, following the procedure described in
Section 2.1.

To evaluate the modified design under realistic
operating conditions, simulations were performed using
a mixture of 4% alginate and 1% CMC aqueous solutions.
Alginate—-CMC ternary aqueous solutions are widely used in
bioprinting and drug delivery applications®** due to their
favorable mechanical properties following CaCl,-induced
crosslinking. Additionally, CMCenhances cell migrationand
attachment in fabricated constructs.®>® Due to the differing
properties of alginate and CMC solutions, Equation XIX
was solved using the actual mass fraction values of both
components. To focus on enhancing the spatial resolution
of the composition gradient in multi-material bioprinting,
simulations were conducted under the assumption that
all printing parameters (e.g., speed, crosslinking, and
stage temperature) were properly optimized, ensuring
sufficient printability across all intended alginate-CMC
compositions. This allowed the study to isolate and
examine the flow and mixing dynamics associated with
composition transitions, without the confounding effects
of material-specific printability constraints. The simulation
results also provided crucial insights for designing the flow
control system and tool path strategies required for precise,
compositional graded printing.

3. Results and discussion

3.1. Flow behavior

Figure 4 presents the results of steady and oscillatory
shear rheological tests for 3 and 4% alginate and 1% CMC
solutions at various temperatures. The apparent viscosity
1 is defined by Equation XVI. The variation in apparent
viscosity shown in Figure 4A and B highlights the shear-
thinning behavior of these solutions and the reduction
in apparent viscosity with increasing temperature.
Meanwhile, G" and G” presented in Figure 4C demonstrate
the viscoelastic behavior of both alginate and CMC
solutions across different temperatures, consistent with
findings reported in previous studies.®* However, due to
the challenges associated with mathematically modeling
viscoelastic behavior, there is currently no model that
can accurately describe the rheology of viscoelastic fluids
during the mixing process. As a result, time-independent

models based on steady shear behavior are typically used
in CFD simulations for mixing viscoelastic fluid streams.
Accordingly, this study employed time-independent
models derived from steady shear test results to simulate the
flow and mixing of alginate and CMC aqueous solutions.

Among the various mathematical models evaluated
for fitting the steady shear test results, the Cross model®
was found to provide the best fit, based on goodness-of-
fit analysis performed using TRIOS software. For both
alginate and CMC solutions, the Cross model achieved a
high correlation (R* > 0.99). The Cross model is a time-
independent formulation that describes the apparent
viscosity of shear-thinning fluids over a wide range of
shear rate®:

-1, 1

ny—m, 1+kj"

(XXIX)

where k and # are fitting parameters (with n < 1), and
and #_ represent the limiting viscosities at low and high
shear rates, respectively. Here, 7, corresponds to the zero-
shear viscosity, typically observed in t 7, he plateau region
at low shear rates, while #_, usually a very small value, is
treated as a fitting parameter.

Table 4 lists the Cross model fitting parameters for
the alginate and CMC solutions at 25°C, along with their
densities, which were determined by weighing a known
volume of fluid. Previous studies on the rheology of alginate
and CMC aqueous solutions have also demonstrated that
their flow behavior aligns well with the Cross model.*
Furthermore, steady shear tests conducted on alginate
solutions (0.1-4%), CMC solutions (0.1-1%), and alginate—
CMC mixtures with various mass fractions confirmed the
compatibility of their flow behavior with the Cross model.

Using OriginPRO software, surface fitting was
performed to express the Cross model parameters as
functions of alginate and CMC mass fractions. The
resulting empirical relationships for the composition-
dependent Cross model parameters are as follows:

Mo = (2551670.7 Y, +exp(407.7 Yo )

+ (256292.29 + exp(300.28 Y )) (XXX)
YungCMC) Hno
k =(21.11Y1 16 4 4509414 Y, "
mix alg CMC
(XXXI)
exp(~285.98 Y, )+2395.91 Yangulg)Hk
n_=374Y, +2025.66 Y. > —25
mix alg CMC (XXXII)
Yeue —254.5 Y, Yoc +0.6877
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Figure 4. Rheological behavior of biomaterials. (A) Flow behavior, (B) apparent viscosity, and (C) loss (G’) and storage (G”) moduli for 3% alginate, 4%

alginate, and carboxymethylcellulose (CMC) 1% aqueous solutions.
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where Y and Y . are the mass fractions of alginate
and CMC, respectively, with the valid range Yalg <0.04 and
Y\ <0.01. The high-shear viscosity (7 . ) was negligible
for all solutions and was omitted from the expressions.
The R? values for the surface fits were 0.98, 0.97, and 0.93
for n, ... K . and n__ respectively, indicating excellent
agreement with the experimental data.

H,, and H,_ in Equations XXX and XXXI are
tempetature correction functions used to adjust the
values of 7, and k for temperatures other than 25°C.
Surface fitting of steady shear test results for alginate—
CMC aqueous solutions across a temperature range of
10-40°C resulted in the following Arrhenius-type viscosity
correction functions®®:

H =ex Ei 11 (XXXIII)
w = P R\ T 29815
E (1 1
H, =exp| —=| —— XXXIV
* p{R[T 298.15” ( )

where R =8.314 J/mol-K is the universal gas constant,
T is the absolute temperature in Kelvin (K), and E and E,
E, are the activation energies (in J/mol), both deépendent
on composition:

- ~29590Y,, +18205 Y, —34343Y, Y. XXXV
' 1-2.951Y,, —317.70 Yoy c

~307790Y,, +170810 Y, —579870Y,,, Yo
N 1-188.83Y,, +180.80 Y,

k

(XXXVI)

3.2.Valuation of numerical results

Figure 5 presents the validation of the numerical
simulations for flow through the helical mixer. This figure
compares the numerically predicted friction factor f with
values calculated from various empirical correlations
available in the literature.***->* Figure 5A and B shows that

the numerical results for the Newtonian fluids are in good
agreement with the correlations proposed by Cybulski and
Werner®” and Shah and Kale.* For non-Newtonian fluid
flow, the predicted friction factor closely matches the data
reported by Xu et al.”

Figure 5C compares the simulation results with
experimental data from Alloca® for the mixing of two fluid
streams through helical mixers with varying numbers of
elements, denoted by different L/d values (the ratio of the
total mixer length L to the diameter d). This comparison
demonstrates strong agreement between the numerical
results and experimental data of Alloca.”® Since no
experimental studies have been reported on the flow and
mixing of non-Newtonian Cross fluids in helical mixers,
validation was carried out using results from experimental
studies on Newtonian and power-law non-Newtonian
fluids. The Cross model transitions to the Newtonian
model as k — 0, and behaves like a power-law fluid when
M, K1 <K1,,* which covers a wide range of shear rates
typically encountered in helical mixers. Consequently,
validation of CFD simulations using existing data on
Newtonian and power-law fluids provides an insightful
assessment of the reliability of the CFD results for
Cross fluids.

Figure 6 compares the numerically predicted flow
rates of 3 and 4% alginate solutions through a syringe and
nozzle under various upstream pneumatic pressures. Error
bars represent uncertainties in flow rate measurements,
calculated using the Moffat method.” The GESIM
Bioscaffolder utilizes pressure regulators with an accuracy
of 0.6% of full scale or better, within a pressure range of
0-900 kPa. Its solenoid valves also feature a response time
of 25 ms or less. The agreement between experimental and
simulation results confirms the accuracy of the numerical
model in predicting the flow of a Cross fluid through a
nozzle.

Given the demonstrated accuracy of the numerical
simulations in predicting flow and mixing in both helical
mixers and nozzles, it can be concluded that the CFD
approach is reliable for analyzing the flow and mixing of
biomaterials within a multi-material bioprinting head
equipped with a helical mixer.

Table 4. Density and cross model fitting parameters for alginate and carboxymethylcellulose (CMC) aqueous solutions at T = 25°C

Fluid p (kg/m?®) 1, (Pa-s) n_, (Pa-s) k(s) n
Alginate 3% 998.3 20.52 9.18E-6 0.067 0.770
Alginate 4% 998.7 55.23 4.62E-15 0.095 0.85
CMC 1% 1000 54.8 1.95E-17 6.6 0.66
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3.3. Improving the multi-material head

geometry based on computational fluid

dynamics simulation results

As discussed above, an improved design of the multi-
material head should ensure not only high MI but also low
shear stress levels and reduced internal volume—factors
critical for maintaining cell viability and achieving high
spatial resolution in controlled composition gradient
multi-material bioprinting. To evaluate performance, the
mixing of two 4% alginate solutions was considered as a
test case for examining the performance of multi-material
heads with different geometric parameters. Figure 7
demonstrates the impact of the number of mixing elements
(N) on the MI at the outlet of the multi-material head, for
the flow and mixing of two 4% alginate streams (alginate-A
and alginate-B). The inlet flow rates were equal, and the
average outlet velocity was set to 10 mm/s, consistent with
the printing speed. All MI values in Figure 7 exceed 0.95,
suggesting that as few as two mixing elements are sufficient
to mix two 4% alginate streams within a multi-material
head equipped with a chamfered or tapered nozzle.
However, as shown in Figure 8, the distribution of the
mass fraction indicates that mixing is not complete after
the second element; instead, the mixing process continues
as the fluid flows through the nozzle.

Table 5 compares the estimated mixing time and
residence time for the mixing of 4% alginate solutions
using two and three 2.36 mm mixing elements. The results
indicate that with two elements, the required mixing time
exceeds the residence time for flow through the mixing
elements. This suggests that the fluid streams are not
thoroughly mixed immediately after the second element,
and the remaining mixing is completed inside the nozzle,
as shown in Figure 8. According to Equation III, the flow
through the nozzle needle accelerates mixing due to its
extremely small diameter, which enhances the breakdown
of striations. When three elements are used, the mixing
time closely matches the residence time, resulting in well-
mixed streams by the trailing edge of the third element.

Comparing the MI values for 3.18 and 2.36 mm mixing
elements in Figure 7 shows that the 2.36 mm elements
yield better mixing performance, primarily due to the
thinner striations they generate.”® In addition, the 2.36 mm
elements require a smaller internal volume within the head.
The maximum shear stress for configurations with three
mixing elements of either size, combined with a tapered
nozzle, remains nearly constant at 1.45 kPa. However,
when a chamfered nozzle is used, this value increases
to 2.9 kPa for both mixer sizes. Given that the 2.36 mm

elements provide superior mixing and produce similar
maximum shear stress levels compared to the 3.18 mm
elements, they are the preferred choice for the modified
design. Chamfered nozzles, due to their small diameter
and high length-to-diameter ratio, facilitate efficient
mixing of extremely thin striations and offer a smaller
internal volume (as illustrated in Figure 2). However, they
also generate significantly higher shear stress than tapered
nozzles. As a result, chamfered nozzles were not selected
for the improved design of the multi-material head due to
potential negative effects on cell viability.

Despite their popularity, tapered nozzles are not
ideal for controlled-gradient multi-material bioprinting
because they retain a relatively large internal volume,
which increases the response time of the head to changes
in inlet flow rates. To strike a balance between the small
internal volume and high shear stress of chamfered nozzles
and the larger internal volume and lower shear stress of
tapered nozzles, a simple conical nozzle geometry was
considered for the improved multi-material head. Figure 9
illustrates the fluid domain geometry of the multi-material
head equipped with a threaded conical nozzle. The nozzle
dimensions are provided in Table 1. Unlike tapered
nozzles, which have a profile with two distinct cone angles,
the conical nozzle consists of a single cone connected to
a needle. In contrast to the Luer lock connection used in
the initial design, the threaded connection offers greater
flexibility in sizing the head.

Due to the space required for Luer lock fittings and
the internal geometry of the bioprinting nozzles, the L2
length (as shown in Figure 2) cannot be reduced below 8.8
mm for tapered nozzles or 9.7 mm for chamfered nozzles.
This means that even with a single mixing element, the
L2 length remains unchanged. In contrast, a customized
conical nozzle with a threaded connection does not
require additional fitting length, allowing the L2 length in
Figure 9 to be equal to the length of the helical
mixer installed within the head. While the modified
design employs custom components with fewer
limitations on size and fittings, its overall geometry
and dimensions remain within the range of high-
precision nozzles and fittings commercially produced by
GESIM and Nordson.

Figure 10 displays the shear stress distribution on
the symmetry plane for three different head geometries
equipped with tapered, chamfered, and conical nozzles. The
results indicate that the maximum shear stress within the
helical mixer is less than 5% of the peak value observed at
the contraction region of the printing nozzle. This confirms
that the mixing elements do not significantly contribute
to the maximum shear stress, and that the nozzle shape
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Figure 5. Validation of computational fluid dynamics (CFD) results: Comparison of friction factor predicted by numerical simulations and empirical
correlations for (A) Newtonian fluid, (B) for non-Newtonian fluid, and (C) comparison of the mixing index predicted by CFD with the experimental

results of Alloca.”
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Figure 6. Validation of computational fluid dynamics (CFD) results: Comparison of flow rate predicted by CFD and experimental measurements for the
flow of (A) 3% alginate and (B) 4% alginate solutions driven by various upstream pressures.
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Figure 7. Variation of mixing index (MI) with the number of mixing elements for designs with tapered and chamfered nozzles of different diameters.
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Figure 8. Distribution of alginate-A inside the heads with (A) tapered and (B) chamfered nozzles. Contours are shown on the middle plane of the geometry.
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Table 5. Estimated mixing and residence times for 4% alginate
solutions through helical mixers (based on Section 2.1)

Number of elements t . (s) t.(s)
2 446.3 68.5
3 111.6 102.8

primarily determines the level of process-induced forces
that may affect cell viability during bioprinting.

The distribution of alginate-A inside the multi-material
heads, shown in Figure 11, supports the estimations made
in Table 3. It demonstrates that the mixing process is almost
complete immediately after the third mixing element, with
no additional length inside the nozzle required to achieve
homogeneity. In other words, with three mixing elements,
the influence of nozzle geometry on mixing is minimal.
However, the nozzle geometry still affects both the
maximum shear stress and the internal volume of the head.
As a custom geometry, the conical nozzle is not subject to
the size limitations of standard Luer tapered and chamfered
nozzles and can be fabricated in arbitrary dimensions.
Nevertheless, to avoid excessively narrow flow passages—
which would compromise the meso-scale advantage of the
multi-material head over micro-scale systems—conical
nozzles with outlet diameters of 2.36 and 1.8 mm were
selected as candidates for the modified geometry.

Figure 12A compares the MI values for combinations
of three mixing elements with 2.36 and 1.8 mm conical

nozzles, each with various length-to-diameter ratios ().
d

The results show that all tested length-to-diameter ratios
yield a homogeneous mixture at the outlet. Once complete
mixing is achieved by the three helical elements, the conical
nozzle geometry has little effect on the MI. Therefore, MI
alone is insufficient for determining the optimal length-to-
diameter ratio of the conical nozzle.

Figure 12B and C compares the internal volume (Viqq)
and the maximum shear stress for different nozzle
configurations, respectively. Figure 12B shows that changes
in the length-to-diameter ratio have only a minor impact
on the internal volume. In contrast, Figure 12C shows that

the maximum shear stress decreases significantly for

L <1.5,and then levels off for both sizes of mixing elements.
d

Based on the insights from Figure 12A-C, it can be
concluded that a head equipped with three 1.8 mm mixing

elements and a conical nozzle with é =15 effectively mixes

two 4% alginate streams while maintaining relatively small

internal volume and a maximum shear stress comparable
to that of a tapered nozzle—currently considered the most
favorable option for preserving cell viability. Accordingly,
this configuration was chosen as the optimized head
geometry for printing biomaterials with properties similar
to 4% alginate.

Various criteria have been proposedin theliterature?>”*”!
to predict the effect of process-induced forces on cell
viability. While cell viability depends on multiple factors,
examining the shear stress distribution during the flow
of 4% alginate—which is highly viscous and less ideal
for cell-laden bioprinting—can help guarantee that shear
stress remains within a tolerable range for lower-viscosity
biomaterials, such as 2.5 or 3% alginate solutions, which
are more suitable for encapsulating cells. The maximum
shear stress values shown in Figure 12C are significantly
lower than the critical thresholds reported in the literature
for potential cell damage, such as for Rat L929 or RAMEC
cell lines.”>”® Therefore, the improved multi-material
head geometry is expected to support good cell viability
during extrusion. Nevertheless, cell viability is influenced
by several factors, such as stress magnitude and duration,
cell type, and the physical properties of the biomaterial,
and must be evaluated experimentally.?>’*"" Accordingly,
laboratory-based investigations are necessary to draw
reliable conclusions about cell viability during and after
multi-material extrusion.

While the improvements to the multi-material head
were based on numerical simulations involving the mixing
of two 4% alginate streams, experimental evaluation of its
performance in bioprinting other materials is necessary to
assess its broader applicability and limitations. As a case
study, multi-material bioprinting using alginate and CMC
solutions was conducted to evaluate the performance of the
modified head in controlled composition gradient printing.

3.4. Multi-material bioprinting of alginate and
carboxymethylcellulose solutions

Mixing 4% alginate and 1% CMC solutions at different
ratios was considered a practical case to examine the
performance of the modified multi-material head for on-
the-fly mixing in controlled-gradient bioprinting. The fiber
composition at the outlet is controlled by manipulating the
inlet flow rates of the biomaterials, which determine the
precursor mixing ratio. This manipulation is achieved by
adjusting the a value, which defines the mass flow rates at
the inlets according to Equations XV, XIV, XIII, and XII.
For the mixing of 4% alginate and 1% CMC solutions, the
reference parameters are:

Vy=4ba, =Lp =1 (XXXVII)
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Figure 9. Fluid domain geometry inside the multi-material head with helical mixer connected to a conical nozzle. Fluid domain (left); symmetry plane

section with dimensions (right).
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Figure 10. Shear stress distribution for (A) tapered, (B) chamfered, and (C) conical nozzles with d = 2.36 mm. Contours shown on the symmetry plane.
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Figure 11. Distribution of alginate-A mass fraction inside the heads with (A) tapered, (B) chamfered, and (C) conical nozzles. Contours shown on the

symmetry plane.

Figure 13 illustrates the distribution of alginate and
CMC mass fractions inside the head for three different
mixing scenarios, each with a distinct o value. The figure
qualitatively demonstrates the capability of a multi-
material head equipped with helical mixers to combine two
biomaterials with different flow rates. Figure 14 provides
a more quantitative assessment by comparing MI values
across various a values and printing speeds. The results
confirm the head’s ability to achieve adequate mixing of 4%
alginate and 1% CMC solutions over a wide range of ratios,
even at a relatively high printing speed of 10 mm/s, which is
significant for multi-material bioprinting.**’> As expected,
slower printing speeds result in lower total flow rates and
longer residence times, which facilitate mixing. Therefore,
reducing the printing speed to 5 mm/s improves mixing
for all tested conditions. Figure 14 also shows improved
mixing performance for « > 1, representing compositions
with higher alginate content. This observation is consistent
with previous findings by Jaffer and Wood™ and Regner
et al.,”* who studied the mixing of Newtonian fluids with
varying viscosities using helical mixers and Lightnin Series
45 mixers. While these mixers differ slightly in geometry,
their functionality is comparable to that of helical mixers.

One particularly interesting operational mode for a
multi-material bioprinting head is the ability to generate

controlled composition gradients within a scaffold—
essential for creating zonal heterogeneity. As previously
discussed, the key factor in controlled composition
gradient printing is the transition time required to fully
shift from one composition to another at the outlet.

To evaluate this, numerical simulations of unsteady
mixing and extrusion were conducted for various
composition transitions relative to the reference case (i.e.,
various « values). Figure 15 illustrates the temporal

L, for
ll/ref

variation of the normalized concentration ratio,

transitions from « = 1 to other values at printing speeds of
10 and 5 mm/s. Time is normalized by the sweep time (¢ ),
defined as the time to displace the internal volume of the
head with the total flow rate (or outlet flow rate):

t = Whead

s XXXVIII
Qout ( )

Surprisingly, despite the differences in precursor
velocities and mixture viscosities, the first deviation
from the initial composition consistently occurs at the
same interval (¢), approximately 20-25% of the sweep

Volume 11 Issue 5 (2025)

250

doi: 10.36922/1JB025140119


https://doi.org/10.36922/IJB025140119

International Journal of Bioprinting

Fiber composition control in bioprinting

(A)

(B)

(C)

MI

Vheud (mm?)

Tmax (kPa)

1
A A
A
0.99 ° ° °
A
°
0.98
i ©d=2.36 mm
Ad=1.8 mm
0.96
0.95
0 0.5 1 1.5 25 3
I/d
0.18
0.16 4 ® Conical, d=1.8 mm |
4 Conical, d=2.36 mm
0.14 WTapered, d=2.36 mm
% Chamfered, d=2.36 mm
0.12
0.1
0.08 A
A A a4 4
0.06
e o o o
oosa} ©
0.02
1 2 3 6 7
3
2.8 1
© Conical, d=2.36 mm
26 4 Conical, d=1.8 mm
m Tapered, d=2.36 mm
24
% Chamfered, d=2.36 mm
22
2 |
A
[ ]
1.8 1
A
1.6
e o
1.4 1 e 2
1.2 1
|
1 " " ; "
0 1 2 3 6 7

Figure 12. Effect of conical nozzle length-to-diameter ratio (1/d) on key parameters affecting performance in multi-material bioprinting with composition
gradients. (A) Mixing index (MI), (B) internal volume, and (C) maximum shear stress.
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Figure 13. Distribution of mass fractions of (left) alginate and (right) carboxymethylcellulose during multi-material bioprinting for (A) a =

B)a=1,(C)a=15.

time. Since this initial delay is predictable, its effect on
composition control can be eliminated by advancing the
inlet flow rate changes by ¢,. However, the overall transition
time for composition change is longer and varies across
different mixing scenarios. Figure 16 shows the variation
in MI for cases corresponding to Figure 15. The initial
delay is clearly visible, followed by a dip in MI, with a
minimum occurring 35-50% of the sweep time. This
minimum homogeneity point is important for toolpath
design, as significant drops in MI (especially below 0.95)
may lead to precursor separation and the formation
of streaky fibers (Figure 1). For applications requiring
high structural integrity, this point should be carefully
considered—particularly if it occurs at a scaffold surface,
where it may compromise mechanical performance under
shear or frictional stress. Following the minimum, MI
increases monotonically until it reaches a steady-state
value. For the 5mm/s printing speed cases shown in
Figures 15 and 16, the initial delay again occurs around
20-25% of the sweep time, and the minimum homogeneity
point arises at a similar sweep time fraction as in the 10
mm/s case. However, due to the longer residence time at
5 mm/s, the outflow stream becomes more thoroughly
mixed, rendering the minimum homogeneity point less
critical. Figures 15B and 16B illustrate changes in y and MI

0.5,

for reverse transitions, i.e., from different a values back to
a = 1. Compared to Figures 15A and 16A, these represent
reciprocal composition changes between high and low
alginate or CMC concentrations, which may occur during
controlled-gradient multi-material bioprinting. Notably,
the initial delay remains consistent across all reverse cases,
just as it does in the forward transitions. The minimum
homogeneity point also occurs within a similar sweep
time range.

The transition time for a composition change can be
calculated based on either the MI or the outlet concentration
ratio (y). However, as shown in Figure 16, most cases—
except for the transition from a = 1-0.5 with V = 10
mm/s—remain within the fully mixed region (MI > 0.95),
where the MI threshold is insufficient to define transition
time. Therefore, transition time was instead calculated
based on the outlet concentration ratio vy, adopting a
5% deviation from the final (target) value as criterion.
Figure 17 reports the transition times for various
composition changes. The results show that transition
times are almost identical for both forward and
reverse transitions when « > 1. However, for a < 1,
transitions toward higher alginate content (i.e., « = 1) have
shorter transition times compared to the reverse direction
(ie,1 - a).
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Figure 14. Variation of mixing index (MI) with alginate flow ratio («) under different printing speeds.

Using a particle tracking method, Regner et al.”* defined
separate residence times for each component of a mixture
and showed that, during transient flow, the more viscous
precursor exhibits a longer residence time compared to the
less viscous one. Moreover, this residence time difference
increases with the viscosity ratio of the two precursors.
Neglecting surface tension effects and assuming equal shear
stressacross theinterfacebetween the precursor streams, the
stream with lower apparent viscosity experiences a higher
shear rate, leading to greater stretching and the formation
of thinner striations. This enhances mixing within the
helical mixer, as previously explained by Jaffer and Wood™
in the context of Newtonian fluid mixing. For the shear-
thinning biomaterials used in the current study, a higher
shear rate in the low-viscosity CMC stream further reduces
its apparent viscosity, promoting even more stretching
on that side of the interface. Additionally, increasing the
flow rate of the more viscous precursor (alginate) while
maintaining the same total flow rate increases the velocity
and shear rate differences at the interface. This leads to finer
striations of the lower-viscosity precursor (CMC) and thus
better mixing. Since transition time is determined based
on reaching the target composition (), improved mixing
translates into a shorter transition time.

The effective shear rate for flow inside a helical mixer
can be estimated as*:

112Q

Vo = P (XXXIX)

This effective shear rate is used to calculate the
characteristic apparent viscosity of each biomaterial
solution (via Equation XXIX) and of the mixture (using
Equations XXX-XXXII) inside the printing head with
a helical mixer. Figure 18 presents the apparent viscosity
of various alginate-CMC solutions under effective
shear rates corresponding to printing speeds of 10 and
5 mm/s. An increase in y reflects a higher alginate
concentration in the printed fiber and also a higher o
value (see Equation XV). As shown in Figure 18, higher
Y or a values are associated with alginate-CMC solutions
with higher apparent viscosity. Accordingly, the results in
Figures 14-17 suggest improved mixing performance for
outlet mixtures with higher apparent viscosity. In practical
terms, adjusting the toolpath in controlled-gradient
multi-material bioprinting to follow a positive viscosity
gradient can shorten the transition time. This holds true
when increasing the mass fraction of one precursor (i.e.,
increasing « or f3) results in a noticeable increase in the
apparent viscosity of the mixture within the effective shear
rate range, as shown in Figure 18. However, printing along
a positive viscosity gradient may deform lower scaffold
layers or cause mechanical failure. Therefore, appropriate
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Figure 15. Temporal variation of normalized concentration ratio for various composition changes: (A) a, = «,, (B) &, = .
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crosslinking of the lower layers is required to maintain the
structural integrity of the scaffold.

As an extreme test case, the head was examined for
a composition change from a = 0.5 to « = 1.5, and vice
versa, representing a significant change in composition
(between y = 1.33 and v = 12). Figure 19A and B illustrates
the corresponding outflow stream composition and MI
from CFD simulations. The initial delay and minimum
homogeneity points are almost identical to those observed
in Figures 15 and 16, confirming that these characteristics
are independent of the initial and target compositions. The
transition times for & = 0.5 - 1.5 and its reverse case are
shown in Figure 17, alongside other scenarios. Comparing
these results confirms that transitions toward higher-
viscosity compositions result in shorter transition times.

The transition times shown in Figure 17 can be further
reduced by advancing the flow rate changes based on the
initial delay (¢,). When transition time is multiplied by the
printing speed, it yields the transition length, representing
the spatial resolution of the printer for printing fibers
with composition gradients (neglecting the delay in
mechanical and electrical control systems). To highlight
the improvement in spatial resolution, Table 6 presents
the relative change in spatial resolution (transition length)
resulting from advancing the inlet flow rate changes
by t, = 0.2t. The table shows a 17-30% improvement in
the spatial resolution of the composition gradient. The
smallest improvement occurs in the extreme case with a

negative viscosity gradient (o = 1.5 0.5), while the largest
improvements are observed for moderate composition
changes in the « > 1 range (o =11.25).

Comparing the normalized transition time values
for various composition changes in Figure 17—and
considering the overall insights from the computational
results—it can be concluded that adjusting the overall print
direction toward a higher fraction of the more viscous
precursor can improve the spatial resolution of controlled
composition gradient printing. To ensure precise control
over fiber composition and to improve the spatial resolution
of composition gradients in multi-material bioprinting,
the following steps are recommended:

(i) If increasing the mass fraction of one precursor
effectively enhances the apparent viscosity of
the mixture (calculated based on effective strain
rate from Equation XXXIX), and if printability
considerations (i.e., structural integrity) allow, adjust
the printing direction in the toolpath to produce
a predominantly positive gradient in apparent
viscosity along the fiber.

(ii) Calculate y,  using Equation IX, based on the mass
fractions of the precursors.

(iif) Select a suitable printing speed, then calculate the
reference inlet flow rates using Equations V and
VIII. Calculate the corresponding reference mass

a

" a; | ap | V(mm/s)
< A o 1 a 10
=5 A a 1 10

° 1 a 5
A a 1 5
A a 0.5 | 1.5 10
08 1 ° 'S X | 15|05 10
A A [m] 0.5 | 1.5 5
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Figure 17. Variation of normalized transition time for different composition changes.
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Figure 18. Apparent viscosity of alginate-carboxymethylcellulose solutions with various concentration ratios under effective shear rates corresponding to

different printing speeds.

fractions at the outflow stream using Equations X
and XI.

(iv) If the reference composition, characterized by
v, differs from the intended fiber composition,
calculate the required o and  using Equation XV
to achieve the target concentration ratio (y) at the
outflow. Then, calculate the corresponding inlet flow

rates using Equations XII and XIII.
v)

During the printing process, dynamically adjust
the fiber composition by updating & and 3, which
determines the inlet mass flow rates based on

Equations XII and XIII.

(vi) Advance each change in « and f3 by the delay time
t, as predicted by CFD simulations, to improve
the spatial resolution of the resulting composition

gradient.

For multi-material bioprinting with precursors other
than alginate-CMC, the initial delay time may differ from
the range identified in this study (0.2-0.25 ) and should
be determined based on CFD simulations tailored to the
specific precursors.

If there is flexibility in selecting the mass fractions at
the inlets, using precursor streams with smaller differences

in apparent viscosity (calculated at the effective shear
rate) can facilitate more efficient mixing in the helical
mixer.”* Additionally, when consecutive changes in fiber
composition are required, careful selection of inlet mass
fractions can help set a reference point near the midpoint
of the overall composition range, thereby preventing large,
abrupt changes in composition. For example, if the overall
composition range falls y = 6-12, selecting a reference
point at ¥ = 9—the midpoint—can lead to shorter
transition delays and better control over the composition
gradient within the printed scaffold. This is because the
selected reference point results in moderate mass fractions
at the inlet (determined using Equations XII-XV), which
in turn require minimal adjustments to achieve the full
range of intended composition change during printing.

The applicability of the analyses presented in this
study relies on the prior assumption that all intended
compositions are printable under appropriate printing
conditions, as established in Section 2.7. However, in real-
world applications involving diverse biomaterials—many
of which exhibit viscoelastic and thixotropic behavior—the
stress history during mixing can influence both printability
and cell viability,”>”® potentially resulting in discrepancies
between experimental outcomes and the computational
simulations and analyses presented in this study.
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Table 6. Relative improvement in spatial resolution of the composition gradient when advancing flow rate changes by £, = 0.2¢,

AP,
Relative improvement P
‘xl ‘xZ !
V=10 mm/s V=5mm/s
“1_)a2 al_)al al_)‘xZ al_)al
1 0.5 0.18 0.21 0.20 0.24
1 0.75 0.25 0.27 0.27 0.28
1 1.25 0.30 0.29 0.30 0.30
1 1.5 0.25 0.25 0.26 0.26
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Figure 19. Temporal variation of (A) normalized concentration ratio and (B) mixing index (MI) for extreme composition changes.
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Moreover, the computational and mathematical
models used in this study do not account for complex
cell-biomaterial interactions during mixing within the
print head or during the crosslinking process after fiber
deposition. Therefore, the performance of the designed
multi-material bioprinting head should be experimentally
validated. This involves fabricating the designed head,
integrating it into a bioprinting system, printing multi-
material fibers, and assessing both printability and cell
viability in the printed constructs.

4, Conclusion

Multi-material bioprinting with controlled composition
gradientsisapromisingapproachforaccuratelyreplicating
the heterogeneous structures of native tissues in printed
constructs. Despite its potential, comprehensive studies
on the performance of printing heads equipped with
helical static mixers for this application remain limited.
This study aimed to address this gap by investigating
biomaterial mixing and exploring design modifications
and flow control strategies to enhance the spatial
resolution of composition gradients. CFD simulations
served as the primary tool for this investigation and
were validated against experimental data. Based on
these validated simulations, a multi-material bioprinting
head with a helical mixer was designed. The CFD results
revealed the effects of various geometrical parameters
on mixing performance, process-induced forces, and
internal volume.

A mathematical framework was developed to describe
the characteristic parameters governing the outflow
conditions during composition changes. While the head
geometry was optimized using numerical simulation
involving two 4% alginate aqueous solutions, further
evaluation using alginate-CMC aqueous mixtures
demonstrated the head’s capability to print fibers with
controlled composition gradients. A composition- and
temperature-dependent Cross non-Newtonian viscosity
model was fitted to rheological test data of various
alginate-CMC aqueous solutions to relate their apparent
viscosity to precursor mass fractions across a range of
temperatures. Although the numerical simulations of
multi-material bioprinting addressed alginate-CMC
systems, the insights gained are broadly applicable to
the design and operation of multi-material heads for
gradient-based bioprinting.

Numerical results for mixing 4% alginate and 1% CMC
aqueous solutions demonstrated that the transition time
for composition changes includes an initial delay of about
20-25% of the sweep time. A streaky pattern with reduced
homogeneity may appear in the printed fiber for 35-50%

of the sweep time. Lower printing speeds can mitigate this
issue by increasing residence time and promoting more
thorough mixing. Based on numerical results covering a
wide range of fiber composition changes, an algorithm was
developed to improve control over composition gradients
in multi-material bioprinting by reducing transition time.
Specifically, for bioprinting with 4% alginate and 1%
CMC aqueous solutions, combining the modified head
geometry with an adjustment of inlet flow rate timing
(to account for the initial delay) resulted in a 17-30%
improvement in the spatial resolution of composition
gradients. Additionally, designing the toolpath to follow
a positive gradient in apparent viscosity further improved
gradient resolution.

While real-world multi-material bioprinting involves
diverse biomaterials with varying properties, CFD
simulations offer valuable insights into processes involving
controlled composition gradients. In practical applications,
CFED can predict outcomes such as MIs, transition times,
and flow dynamics, guiding adjustments to enhance spatial
resolution along the fiber. However, the actual performance
of the bioprinting head should be validated experimentally.
This requires fabricating the prototype, integrating it into a
bioprinting system, and assessing both printability and cell
viability in the printed constructs.
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APPENDIX
Appendix A

Derivation of the equations describing the
dependencies between inlet and outlet flow
conditions

Mass conservation:

mout = mA + mB (A_I)

Assuming the inlet streams as aqueous solutions of
biomaterials C, and C,, with mass fractions Y., , and
Y., attheinlets A and B, respectively:

(A1)

My =Mg 4 +M, = YCI,A mA+Yw,A m,

and

my = mCZ,B + mw,B =Y "y +Y, 5 my (A-TID)

where Y, ,, Y, , are mass fractions of water for inlet

streams at A and B, respectively. The compositions of inlet
streams remain consistent during the printing task.

Substituting Equations A-II and A-IIIin Equation A-I:

My =Mey g T Moy ptM, , +M, (A-IV)

For steady operation, as components C, and C, are
feeding solely from inlet A and inlet B, respectively:

mCl,out =m

c1,45 Meoour = Mea s

(A-V)

mw,out = mw,A + mw,B

By substitution in Equation A-IV and rearranging:

m, iy
Yoo 0w = — Yo 4t — Yoy p (A-VI)
m, + i, m, +m,

Y,

Cl,out

The concentration ratio of precursors at the outlet ()
is defined as:

(A-VID)

Reference condition:

; ; mout

mA,ref :mB,ref = 2 (A-VIII)

Regarding Equations A-V and A-VIII, for the
reference case:

Y,

_Teia
ll/ref - Y

C2,B

(A-IX)

Substituting Equations A-VIII and A-IX in Equation
A-VI for the reference case and rearranging:

l//ref

YCl,out,ref = W(YCI,A +Y0p ) (A-X)
YCZ,out,ref = m(Ya,A +Yoop ) (A-XI)

Defining flow ratios of precursors, o and p:

Y oui m OU m
o= Cl,out =— Cl,out =— A (A—XII)
YCl,aut,ref mCl,out,ref mA,ref
Y OU m OUi m
,B — C2,0ut =— C2,0out = B (A-XIH)
C2,out,ref mCZ,out,ref mB,ref
From Equations A-12, A-13, and A-1:
oM, N Bring ¢ -1 (A-XIV)
mout maut
Substituting from Equation A-VIII leads to:
a+p=2 (A-XV)
Using Equations A-VII and A-IX:
Y Y
Cl,out + l//n’f Cl,out — 2 (A-XVI)
YCl,out,ref ll/ YCl,Dut,ref
or
2
P A e L7 (A-XVII)
VAY, VY.

Volume 11 Issue 5 (2025)

doi: 10.36922/1JB025140119


https://doi.org/10.36922/IJB025140119

International Journal of BIOprlntlng Fiber composition control in bioprinting

Appendix B
Inlet Wall Outlet
— b d B . ¢ —
4 A A AN 4o

Figure B1. The geometry of the fluid domain for simulation of flow and mixing through a helical mixer inside a pipe (the mixer volume is extracted).
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