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Abstract— Tissue engineering scaffolds require complex net-
works for nutrient diffusion and cell attachment. They must
have specific surface area and curvature, and often need a mul-
timaterial composition, demanding advanced micro-fabrication
methods. 3D extrusion bioprinting offers versatility to manufac-
ture different scaffold, and strategies for multimaterial printing
have been introduced. We propose a method to fabricate scaf-
folds based on gyroid-helical-patterned microfibers, providing
a platform to study the effect of the gyroid minimum curvature
on cellular processes, since the geometry wont be layer-by-layer
approximated. The pattern is obtained by mixing inks using a
gyroid-helix shaped rotational mixer, modifying the extruder
of a conventional 3D printer. The mixer was simulated using
computational fluid dynamics tools, varying the volumetric flow
to obtain different gyroid-thickness. Due to its surface area
minimization, it shows lower energy requirements than state-
of-art fluid mixers, with a pressure drop of 1.7%, a power
number of 39, and a rotation-induced shear stress of ∼400 Pa,
enabling the use of cell-embedded bioinks.

I. INTRODUCTION

Complex architectures for tissue scaffolds are needed to
mimic the networks and patterns present in multiple tissues
[1], [2]. Recent research has been focused on 3D printing
scaffolds based on the extrusion of non-cylindicral strands,
using distinct nozzle shapes [3], or employing a rotational
nozzle to extrude multimaterial helical filaments [4]. The
curvature control of these filaments could give us a platform
to study cell curvature-driven processes, mainly in little ex-
plored geometries, such as the gyroid, a minimal surface with
no self-intersections, negative Gaussian curvature and zero
mean curvature, properties identified in energy-minimizing
tissue formation, cell migration, cytoskeleton orientation
and at arteries bifurcation [5]. Gyroid-based scaffolds have
been fabricated using stereolitography (SLA) with a 25 µm
layer thickness [6], selective laser sintering (SLS) for pore
diameters of 200 to 1200 µm [7], and digital light processing
(DLP) for a layer thickness of 84 µm [8], and 282 µm [9].
Also by mold casting, with a pore diameter of 1 mm [10],
and by 3D printing, using a highly viscous self-supported
ink, resulting in a gyroid cubic cell of 15 mm3 [11]. These
approaches have limitations regarding the availability of
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photosensitive resins, low biocompatibility, large periods of
fabrication, low versatility due to molds delimitation, lack
of surface smoothness because layer-by-layer approximation,
and resolution dependency on nozzle diameter, where the
smallest is commonly around 100 µm. This hinders the cells
to take advantage of the gyroid’s real curvature, since the
substrate curvature radii have an effect on collective cell
behavior if they are in the range of 5 to 9 cell lengths
[12]. This work proposes the incorporation of a rotational
mixer, based on the helical chirality of the gyroid, into a 3D
extrusion printing system, using low-viscosity hydrogels. In
this way, extruding helical-gyroid-micro-patterned filaments
form different lattices. This methodology can be adapted to
the sheet or skeletal gyroid, and the surface curvature will
no longer be dependent on the layer thickness conferred
by the nozzle diameter since the helix will be embedded
in a continuous strand. Two or more inks can be used to
form multicellular fiber, as well as sacrificial materials, to
obtain hollow helical fibers. We simulated the mixer in a
computational fluid dynamics (CFD) tool and we compare it
with the Kenics static mixer (KSM).

II. METHODOLOGY

A. Mixer Design

The gyroid is chiral in local helices along the crystallo-
graphic planes (100), (110), (111) [13], as shown in Fig. 1a).
We designed a mixer, based on these helices, to obtain an
output pattern that could be rotated to form the gyroid-helical
part, as illustrated in Fig. 1b-c). In specific, the right-handed
helix (RHH) in plane (100), void centered, was selected, but
left-handed helix (LHH) can also be formed by changing the
direction of rotation.

Fig. 1. a) Skeletal Gyroid projected in crystallographic plane (100),
highlighting RHH and LHH void centered. b) RHH lateral view. c) RHH top
view, highliting the pattern to be rotated. d) Gyroid in a sheet configuration.

The gyroid-helical mixer (GHM) was designed to be inside
of a 3 ml syringe with an internal diameter of 8.4 mm, but
was considered 8.2 mm to avoid friction. The thickness was
calculated based on the proportion 0.04∗diameter, the same
as for Kenics static mixers (KSM), since they have been



explored for bioprinting multilayered fibers [14], and thus,
marking a starting point for our research. The GHM length
was the same as the gyroid cubic cell length, to preserve the
minimal surface proportions. The GHM can be adapted to
fabricate helices based on the skeletal or sheet gyroid-based
geometry. They can be differentiated in Fig. 1a) and d).

B. Fluid Flow Calculations

We considered the hydrogel flow from the syringe to a
conical nozzle, using 1 to calculate the volumetric flow Q in
the nozzle [15],
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where ∆P is the pressure drop, Di is the inlet diameter of
the conical nozzle and Do the diameter at the exit, θc is the
half cone angle, and K and n describe the fluid viscosity in
terms of the power law. Q is the sum of the volumetric flow
of each channel created by the mixer (Qi). The gyroid sep-
arates the space into two equal-volume domains, therefore,
the transversal areas of the channels are the same, and they
both contribute equally to Q. However, a gyroid family of
constant mean curvature (CMC) can be obtained by surface
deformations, enclosing a volume not equal to 50% [13]. In
that case, Qi will not be the same for each channel, each one
will be proportional to the volume that encloses. In [16], we
parameterized the gyroid deformation using 2, establishing
a relationship between the enclosed volume, or porosity (p),
and a deformation variable δ , which is also equivalent to the
gyroid thickness,

δ =
(0.786p3 −1.179p2 −2.529p+1.4597)∗0.3

1.5
. (2)

C. Simulation as Static Mixer

We first simulate the GHM as a static mixer to confirm
the mixing pattern and to compare its performance, in terms
of pressure drop and mixing energy, with the KSM and with
a mixer based on gyroid’s complete cubic cell, reported in
[17]. The pressure drop was used as an indicator of the
flow obstruction by the mixer, while the mixing energy was
characterized in terms of the dimensionless power number
kp, as in 3, to analyze the energy requirements,
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where ∆P is the pressure drop, ρ the fluid density, u the
mean flow velocity, L the mixer length, Vs the mixer volume,
As the mixer surface area, and Re is the Reynolds number.

The simulation was performed in COMSOL Multiphysics
5.5 ®, using the Laminar Flow module and a stationary
solver. We simulate a 4% w/v alginate ink, the density was
1052.94 kg m−3, and fluid viscosity was established with
power law values n = 0.930 and K = 0.7028 Pa·s [18].
Fully developed flow and no-slip boundary conditions were
established, with an extra-fine triangular mesh. The inlet was
divided with the shape of the channels created by the GHM.

To observe the mixing pattern, the Particle Tracing Module
was used with a time-dependent solver and a freeze boundary
condition at the output, tracking 105 massless particles.

D. Mixer Setup in 3D Extrusion Printer

To obtain the complete gyroid-helical pattern, the output
of the GHM should be rotated. The nozzle can be rotated as
in [4], however, that mechanism limits us to one nozzle size.
We propose to rotate the GHM, enabling the exchange of
the nozzle, and allowing the gyroid-helix diameter variation.
The rotational mechanism was adjusted to a conventional 3D
printer with piston-driven dispensing. A screw parallel co-
rotation system was adapted to attach the GHM, as shown in
Fig. 2a). We didn’t need any external motor or control device,
and the GHM rotation was synchronized to the gcode that
the printer follows to fabricate a complete lattice. Syringe
pumps were adapted to feed the inks at the inlets of the
GHM, as illustrated in Fig. 2b).

Fig. 2. a) The extruder of a Wanhao Duplicator i3 3D printer, previously
modified, was replaced by a gear co-rotation mechanism for the GHM
rotation. b) The inks are fed to the GHM inlets through syringe pumps.

Since the rotation was intended to serve as an output
pattern changer, it was necessary for the rotational velocity
to be coordinated with Q. For a gyroid cubic cell, the helix
length (hl) is twice the helix diameter (hd), so, for a nozzle
with a Do = 0.250 mm, hd = 0.250 mm and hl = 0.5mm.
From this, the volume of the filament (Vf ) needed to be
extruded, to form the helical-gyroid pattern, was obtained.
The time needed to extrude that volume (tv), depended of Q,
as tv = Vf /Q, and that was the same time for the GHM to
do a revolution.

E. Mixer Simulation as Rotating Machinery

The shear stress, generated at the GHM walls due to
the rotation, was also simulated in COMSOL using the
Rotating Machinery for Laminar Flow module, with a time-
dependent solver and a moving mesh, using the same settings
established for static simulation. The KSM rotation was also
simulated for comparison.

F. 3D Bioprinting and cell viability test

The GHM was used to extrude two inks, one to serve as the
main structure and the second to be the sacrificial material.
The first one, AG, was composed of 4% (w/v) sodium
alginate (Sigma-Aldrich) and 7% (w/v) gelatin (porcine skin
type A, Sigma-Aldrich). The second ink was Carbopol 980
(Abreiko). The AG ink was crosslinked with CaCl2 100mM,



which also dissolved the Carbopol. They were extruded
at room temperature with plastic tapered nozzles with an
internal diameter of 1.5 mm and 3 mm. A GHM with
0.328 mm thickness and skeletal configuration was used.
The corresponding flow rate was calculated as previously
described. A cell viability test was performed to check the
survival percentage of the cells embedded in the AG ink.
For this, a live/dead kit (Thermo-Fisher) and a Zeiss Zen
LSM800 confocal microscope were used.

III. RESULTS

A. Mixer Design

The GHM inserted in a syringe with a conical tip is illus-
trated in Fig. 3a). The GHM thickness resulted in 0.328 mm,
equal to a δ of 0.04, as shown in Fig. 3b) For the skeletal
configuration, this thickness, according to 2, corresponds to
a porosity, or a pore channel proportion Cp, of 43.53%, and
solid volume, or solid channel proportion Cs, of 56.47%. This
relation can be inverted according to the application and use
of structural and sacrificial inks. For the sheet configuration,
the total thickness was duplicated, that is, the central channel
measures 0.336 mm, and each wall 0.168 mm, giving a total
thickness of 0.672 mm, corresponding to δ of 0.08. The solid
volume is equivalent to the volume of the central channel,
while the pore volume corresponds to the outside channels,
which have a proportion of Cp1 = 37.07% and Cp2 = 62.93%,
as shown in Fig. 3b).

Fig. 3. a) GHM inserted in a 3 ml syringe with a conical nozzle of
Do = 0.250 mm. b) Two inlets, or channels, are formed using a GHM in
a skeletal configuration. c) Three inlets, or channels, are formed using a
GHM in a sheet configuration.

B. Fluid Flow and Simulation as Static Mixer

According to 1, the flow rate for a conical nozzle with
Do = 0.250 mm, is of 0.182 mm3/s, implicating a pressure
of 60 Pa at the nozzle. The δ deformation gives us the
ratio to calculate the total Q. For example, for a porosity
of 50% in a skeletal configuration, Q should be divided
in both channels to form a pore volume, Vp, equal to
the solid one, Vs, but as we have one channel bigger, it
should be adjusted as Qs =

(
Q∗ Vs
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)
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. The variation of patterns

at the nozzle output, due to changes in Qs and Qp, are
shown in Fig. 4a-d). For the sheet configuration, it has to be
considered the addition of the central channel flow, which
corresponds to Qs, and Qp should be adjusted to the outside
channels proportions Cp1 and Cp2. The different outputs for
this configuration are shown the Poincare maps in Fig. 4e-h).

Fig. 4. a)-d) Patterns for skeletal configuration. Blue is for pore volume
and red is for solid. Pore volume decreased as Qs increased. e)-h) Patterns
for sheet configuration. The thickness of the central channel increased as
Qs increased.

The pressure drop and shear stress at the GHM walls,
considering the dynamic viscosity of the 5% alginate and
Q = 0.182 mm3/s, are observed in Fig. 5. The pressure drop
is of 1.7% and the shear stress is below 5 Pa.

Fig. 5. a) Pressure drop in the mixer section. b) Dynamic viscosity. c)
Shear stress that the fluid experiences at the mixer wall.

In [17], authors reported the simulation of a KSM and
a gyroid cubic cell mixer (GCCM). They indicated that the
GCCM had a better energy performance than the KSM due to
the zero mean curvature and higher hydraulic diameter. The
power number, kp, was ∼200 for KSM and ∼130 for the
gyroid. A second simulation for the GHM, using water and
the same Q as in the article, gives us a kp of 39, making it the
mixer with the lowest energy requirement, since the minimal
area avoids the loss of energy by friction. The pressure drop
for the GHM with these conditions resulted in 1.92%, which
indicates that its geometry allows smooth flow transition.

C. Mixer Simulation as Rotating Machinery

For Q of 0.182 mm3/s, the GHM should give a revolution
in 0.5 s to extrude a complete gyroid-helix. The shear stress
on the walls remains constant during rotation for both mixers.
For the KSM, the highest value is registered at the top and
bottom corners, while for the GHM, the highest values are at
the lateral edges, but they are lower than those of the KSM.
The maximum for KSM is ∼ 450 Pa, and for GHM is ∼ 400
Pa. After rotating the output, the helix can be formed within
the filaments that are being extruded, giving the possibility
of fabricating scaffolds based on different lattices with the
gyroid-helices embedded, as illustrated in Fig. 6a). Even a
complete gyroid cubic cell can be formed by following the
direction and screw axes of the helices, as shown in Fig. 6b).



Fig. 6. a) Filaments arranged to form squared-based scaffolds. b) Gyroid
cubic cell with the chiral helices embedded.

D. 3D Bioprinting and cell viability test

The results after the extrusion of the AG and Carbopol inks
are shown in Fig. 7. The filament with the mixing pattern
is shown in Fig. 7 a), while Fig. 7 b), shows the resulting
structure after the Carbopol removal. A 99% viability after
24h can be observed in Fig. 7 c), and Fig. 7 d) shows a 3D
reconstruction of the position of the cell in a 600x600x200
µm section of the AG part bioprinted with the smallest
nozzle.

Fig. 7. a) Mixed filament. The arrows point at different materials, (pink
is for Carbopol and light blue is for AG). b) AG structure after Carbopol
removal. c)2D slice at the middle of the AG structure. d) 3D confocal
microscope image reconstruction.

IV. CONCLUSION

The proposed 3D extrusion bioprinting method, for gyroid-
helical-patterned microfibers, intends to be an advanced man-
ufacturing technique for complex tissue scaffolds, solving
limitations regarding interconnecting networks and curved
surfaces. The main advantages lie in resolution improve-
ment, surface smoothing, and preservation of the gyroid’s
curvature. Compared to conventional 3D bioprinting, a 90%
size reduction is obtained, and the nozzle is interchangeable
to vary gyroid-helix size. The use of GHM was validated
through CFD simulations, proving its versatility to form
gyroid-helical fibers with a sheet or skeletal configuration,
and obtaining different thicknesses and patterns just by
varying the volumetric flow. More inks can be used, by
introducing more channels in parallel, similar to the sheet-
based GHM. The energy requirements of the GHM are

lower than those of other fluid mixers, and it presents a low
rotational-induced shear stress of 400 Pa.
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