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Abstract
Mammalian tissue comprises a plethora of hierarchically organized channel networks that serve as
routes for the exchange of liquids, nutrients, bio-chemical cues or electrical signals, such as blood
vessels, nerve fibers, or lymphatic conduits. Despite differences in function and size, the networks
exhibit a similar, highly branched morphology with dendritic extensions. Mimicking such
hierarchical networks represents a milestone in the biofabrication of tissues and organs. Work to
date has focused primarily on the replication of the vasculature. Despite initial progress,
reproducing such structures across scales and increasing biofabrication efficiency remain a
challenge. In this work, we present a new biofabrication method that takes advantage of the viscous
fingering phenomenon. Using flexographic printing, highly branched, inter-connective channel
structures with stochastic, biomimetic distribution and dendritic extensions can be fabricated with
unprecedented efficiency. Using gelatin (5%–35%) as resolvable sacrificial material, the feasability
of the proposed method is demonstrated on the example of a vascular network. By selectively
adjusting the printing velocity (0.2–1.5 m s−1 ), the anilox roller dip volume (4.5–24 ml m−2 ) as
well as the shear viscosity of the printing material used (10–900 mPas), the width of the structures
produced (30–400 µm) as well as their distance (200–600 µm) can be specifically determined. In
addition to the flexible morphology, the high scalability (2500–25 000 mm2 ) and speed (1.5 m s−1 )
of the biofabrication process represents an important unique selling point. Printing parameters
and hydrogel formulations are investigated and tuned towards a process window for controlled
fabrication of channels that mimic the morphology of small blood vessels and capillaries.
Subsequently, the resolvable structures were casted in a hydrogel matrix enabling bulk
environments with integrated channels. The perfusability of the branched, inter-connective
structures was successfully demonstrated. The fabricated networks hold great potential to enable
nutrient supply in thick vascularized tissues or perfused organ-on-a-chip systems. In the future,
the concept can be further optimized and expanded towards large-scale and cost-efficient
biofabrication of vascular, lymphatic or neural networks for tissue engineering and regenerative
medicine.

1. Introduction
To ensure the exchange of gases, substances and
information, complex organisms such as the human
© 2022 The Author(s). Published by IOP Publishing Ltd

body have a large number of hierarchically organized networks, such as blood vessels, lymphatic channels and neuronal pathways. Though serving completely different functions, and being distinct in their
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anatomical as well as physiological nature, these conduits share similar wiring concepts and network patterns comprising stochastically distributed branches
and dendritic cellular sprouts [1]. Detailed and high
scale reproduction of these networks represents a
milestone in the biofabrication of complex tissues and
organs and thus, holds great potential for both regenerative medicine as well as for disease modelling or
pharmaceutical and biochemical research [2, 3]. Artificially mimicking the complex geometry of these networks comprising multiple branches and spanning
several orders of magnitude in size represents a major
hurdle in current biofabrication strategies. In particular, efforts have been made to reproduce the nature
of capillary networks to improve nutrient supply in
thick tissue substitutes.
In the past, artificial tissues have been restricted in size due to limited nutrient and oxygen supply in tissue depths over 200 µm [4, 5]. To overcome this size limitation, open channel structures
that act as vascular networks can be incorporated,
through which nutrient supply and removal of metabolic waste products can take place [6]. The inclusion of vascular, neuronal and lymphatic networks
not only enables tissue constructs of clinically relevant sizes, but also adds the benefit of biomimetic
substance transport through engineered tissue [7, 8].
In technical implementation, the production of such
vascular, neuronal or lymphatic networks is a challenge, as the individual channel strands span several size scales from a few micrometers up to a
few millimeters [9, 10]. Other challenges addressed
in current research are the fine and ordered distribution of microvessels inside the engineered tissue [7], improving the resolution of biofabrication
strategies [11], and fabrication speed [6]. However,
cross-dimensional structuring at high-scale production speed has not been subject of previous research.
Nowadays, there are a variety of methods to
include biological networks into engineered tissue [12]. The most common production techniques include the fabrication of molds using softlithography [13–15] and both direct [16–18] and
indirect [19–21] 3D printing strategies. The aforementioned methods all require a form of template,
such as a mask or pathway for the 3D printer, which
defines the look or appearance of the networks in
advance. Furthermore, the complexity and minimum
size of these structures are limited by the resolution of
the fabrication process. While soft lithography offers a
tremendous resolution of down to a few micrometers
in biofabricated vascular networks [22], it is a timeconsuming process and requires expensive vacuum
technology [23]. 3D bioprinting is particularly limited in terms of resolution; with most approaches
limited to structures larger than 50 µm [24]. In both
3D printing and lithography, the area of network
structures is usually limited to square centimeters or
even square millimeters [12].
2

This leaves both research and industry in need of a
rapid fabrication technology that can produce structured biological networks with sufficient resolution
on the meter scale. Conventional, mass-production
printing technologies like flexographic printing are
well established technologies that combine fabrication speeds of meters per second with a resolution of e.g. down to sub-5 µm resolution in case of
recently developed gravure printing cylinders [25].
Sterile or clean-room operating processes are also
already established for electronic devices [26], pointof-care devices [27] and printed drug-delivery systems [28, 29]. However, they have not been in the
focus of complex tissue engineering yet.
In our research, we could show that it is possible
to use the conventional printing technology of flexographic printing to rapidly pattern substrates with
several square centimeters of area with a sacrificial
bioink with networks that mimic in shape and size
the natural vessel network (figure 1). We achieved
this by employing a well-known phenomenon in conventional printing technology called viscous fingering. Viscous fingering is a spontaneous pattern formation phenomenon which takes place during fluid
transfer and appears on the printed product in form
of finger-like structures [30] (figure 1). It is caused
by the replacement of a higher viscous fluid by a
lower viscous fluid and was first described by Saffman and Taylor in a generic Hele-Shaw-cell experiment [31]. Spontaneous pattern formation such as
viscous fingering is usually considered a defect in
graphical and functional printing, since it causes surface inhomogeneity [32]. However, we took advantage of its characteristics to print networks that mimic
vascular networks in sacrificial gelatin. The process
presented here requires no form or template and
only a simple laboratory scale printing machine.
The results are complex, connected networks with
a tailorable size and distribution. The process is
open to a variety of sacrificial printing materials and
can, combined with casting of arbitrary hydrogelcells suspensions, produce versatile, vascularized
engineered tissues at fabrication speed of meters
per second.

2. Results and discussion
2.1. General concept of the bioprinting process
Viscous fingering can be observed in conventional
printing technologies and leads to finger-like structures on the printed product, which are predominantly considered as a printing defect in graphical and functional printing. Its origin lies in the
hydrodynamic fingering instability at the air-ink
interface in the diverging printing nip during fluid
transfer (figure 1(a)). When taking a closer look, viscous fingering in printing technologies forms intricate structures that greatly resemble vascular and
lymphatic networks. This resemblance led us to the
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Figure 1. Viscous fingering in flexographic printing (a) leads to finger-like structures on the printed product (b) which are
connected, branched, stochastic and biomimetic. The printed finger-like structures are casted with a cell-laden hydrogel of choice
(c), to fabricate perfusable tissue models. The finger-like structures resemble very much vascular and lymphatic networks as seen
under the light microscope (d) and in profilometric images (e). This research shows that the printed structures are suitable for the
fabrication of biological networks which will revolutionize future fabrication of tissue models towards large-scale mass
production. Perfused casts of finger-like structures fabricated via plate-separation show the general concept (f).

idea to exploit this phenomenon for biological networks. Therefore, a biocompatible hydrogel, in this
case gelatin, was printed with a laboratory scale
flexographic printing machine. Dendritic structures
that are outstanding for their stochastic complexity, connectivity and biomimetic properties could
be achieved (figure 1(d)). Even more, the applied
printing technology enables unprecedented scalability compared to current 3D bioprinting approaches.
Printing velocities of several meters per second (e.g.
flexographic printing up to 7 m s−1 , gravure printing up to 15 m s−1 [33]) and printing widths of
several meters (e.g. gravure printing up to 4 m
[33]) can be achieved, resulting in high-throughput
biofabrication in the order of several square meters
per second.
The printed structures created in this research
show a broad range of finger widths and distances,

3

which are in the range of biological vascular structures spanning tens of micrometers up to a few millimeters (figure 1(b)). Additionally, the finger height
is very suitable for vascular networks (figure 1(e)).
In a next step, the printed, finger-like structures
can be casted in a hydrogel of choice, laden with
tissue-specific cells, to obtain perfusable tissue models (figure 1(f)).
2.2. Influence of printing parameters on the
resulting network structures
The finger-like structures resulting from viscous fingering in flexographic printing span an order of
magnitude. Adjusting the printing parameters, printing fluid rheology and the surface properties of
the substrate, branching structures ranging from a
few micrometers to a few millimeters can be produced. Although the printed finger-like structures
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Figure 2. Scheme of components of the printing machine as well as printing parameters (a) that influence the appearance of the
resulting finger-like structures (b). See video of the printing process in supporting information S1.

look slightly different in every printing trial due to
their stochastic nature, the average finger width, distance and height (figure 2) can reliably be reproduced
for a certain set of printing parameters.
The printing machine comprises several components and different printing parameters, which
all have an influence on the resulting fingering
(figure 2, supporting information S2 available online
at stacks.iop.org/BMM/17/045012/mmedia). However, our studies revealed that only three of them
strongly influence the resulting finger width, height
and distance of printed gelatin fingers. Thus, only
those were systematically investigated in greater detail
subsequently:

in flexographic printing (equation (4)). When structured printing forms and special printing form setups
are used, the dependency on the printing velocity
might be broken, as shown for gravure printing in
previous work [35, 36].
The dominant finger distance using rigid printing
forms λrigid and the dominant finger distance using
elastic printing forms λelastic are defined as:
λrigid ∝ Ca−0.5

(1)

λelastic ∝ Ca−0.1 .

(2)

The capillary number Ca is known as:
Ca =

(a) Printing velocity v
(b) Anilox roller dip volume
(c) Shear viscosity η of printing fluid.

vη
σ

(3)

where v is the printing velocity, η is the shear viscosity
and σ is the surface tension of the printing fluid. We
thus obtain:

2.2.1. Influence of printing velocity
One of the three parameters, which strongly impacts
the appearance of the printed finger-like structures
(figure 3), is the printing velocity v. This observation is in accordance with previous research on the
impact of printing velocity on viscous fingering in
flexographic printing [30, 34]. The capillary number Ca, which is a dimensionless quantity representing the relation of viscous and surface tension forces,
plays a big role in the phenomenon of viscous fingering [30, 31] and is defined as a characteristic velocity,
in our case the printing velocity v, multiplied by the
shear viscosity η and divided by the surface tension σ
of the fluid (equation (3)). Depending on the elasticity of the printing form, the influence of the capillary number Ca on finger formation is stronger or
weaker. Quantitatively, the dominant finger distance
λ is proportional to the capillary number Ca to the
power of m = −0.5 for rigid printing forms as used
in gravure printing and m = −0.1 for elastic printing forms as used in flexographic printing, respectively [30, 34] (equations (1) and (2)). This means that
the dominant finger distance λelastic is proportional
to the printing velocity v to the power of m = −0.1
4

λelastic ∝ v−0.1 .

(4)

Figures 3(a) and (b) shows exemplary light microscope and profilometric images of finger-like structures on foil obtained at 0.2 m s−1 and 1.5 m s−1
which show clear differences in appearance, illustrating the influence of printing velocity. At 0.2 m s−1 , the
finger-like structures are more homogeneous than at
1.5 m s−1 , where they are less connected and show
more agglomerations of hydrogel. Inhomogeneities
and reduced connectivity are both disadvantageous
for the fabrication of vascular structures. Nevertheless, reduced printing velocities of 0.2–0.4 m s−1 in
combination with the gelatin concentrations used in
this work showed very good results for vascular network fabrication. Profilometric images confirm that
the height of the fingers is in the desired range of two
micrometers (figure 3(b)).
Interestingly, mean finger width does not exhibit
a clear trend for a series of printed finger-like structures at different velocities from 0.2 to 1.5 m s−1
but fluctuates between 175 and 225 µm (figure 3(c)).
In contrast, a slight decreasing trend of finger distance with increasing printing velocity is observable
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Figure 3. Influence of printing velocity on the printed finger-like structures as seen on light microscopic images (a) and
profilometric images (b). At lower printing velocities, the finger-like structures appear more homogeneous whereas at high
printing velocities, the structures are less connected and agglomerations of gelatin can be found. Finger width plotted over
printing velocity (c) shows no clear trend whereas finger distance shows a slight downward trend with increasing printing velocity
(d), as confirmed in a double logarithmic plot of finger distance over printing velocity (e). The linear fit with a coefficient of
determination of R2 = 0.27 obtains a slope of m = −0.03 which is a flatter slope than the theoretical prediction of m = −0.1.

(figure 3(d)) as predicted by theory. Mean finger distance ranges between 310 and 370 µm. However, the
observed linear trend in the double logarithmic plot
with a slope of m = −0.03 (coefficient of determination R2 = 0.27) is a flatter slope than the theoretical
prediction of m = −0.1 (equation (4)).
2.2.2. Influence of anilox roller dip volume
The second parameter that strongly affects the
appearance of the printed finger-like structures is the
anilox roller dip volume (figure 4). The anilox roller
is covered with engraved microscopic cells, which are
filled with printing fluid by dipping them into a fluid
reservoir and are then pressed against the printing
form. In this way, the anilox roller transfers the printing fluid onto the printing form. The shape and size
of the cells defines the so-called dip volume of the
anilox roller, which stands for the maximum amount
of ink transferred to the printing form. For the printed finger-like structures, an increased dip volume
results in increased average finger width, height and
5

distance (figures 4(c) and (d)). For foil, mean finger
widths between 50 and 80 µm, mean finger heights
between 0.75 and 1.75 µm and mean finger distances
between 200 and 300 µm can be reached just by variation of the dip volume. For glass, mean finger widths
between 40 and 70 µm, mean finger heights between
0.5 and 1.25 µm and mean finger distances between
250 and 300 µm can be achieved in the same way. The
highest values for finger width, height and distance
apply for the highest dip volume of 16 ml m−2 .
The influence of the dip volume has already
been shown for viscous fingering in gravure printing [36, 37]. In flexographic printing, a higher dip
volume leads to a higher transferred fluid volume to
the printing cylinder and thus to a higher amount
of ink transferred to the substrate. This results in
finger-like structures with a higher volume to area
ratio, resulting in larger-spaced, broader and higher
finger-like structures in case of our research (supporting information S3). Since vascular networks
require homogeneous, fine finger-like structures with
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Figure 4. The anilox roller dip volume also has an influence on the appearance of the finger-like structures. This is demonstrated
exemplarily with profilometric images of finger-like structures on glass (a), caused by shape and size of the cells (b), which cover
the anilox roller. In case of lower dip volumes, the cells are smaller and shallower whereas for higher dip volumes, the cells are
larger and deeper. Finger width, height and distance over anilox roller dip volume for foil (c) and glass (d) all show an increasing
trend with increasing dip volume. Also see supporting information S3 for images that illustrate the influence of dip volume on
finger distribution.

a stable distribution and certain minimum height,
the dip volume should not be too small but also
not too large when gelatin is used as printing fluid.
The optimum dip volume for the laboratory printing
machine employed in this work was 8 ml m−2 .
2.2.3. Influence of shear viscosity
The shear viscosity of the printing fluid had the
greatest influence on the resulting structures of all
studied parameters (figure 5). In our case, shear viscosity was directly governed by the gelatin concentration. For example, a gelatin gel with a 10% concentration had a shear viscosity of about 23 mPas
and a 30% gelatin gel of about 700 mPas, exhibiting a slight shear thinning behavior (figure 5(b)
and see supporting information S4 for all viscosity curves). The shear viscosity in mPas over gelatin
concentration in % could be fitted with an exponential fit curve y = −3.74 + 5.85e0.15x (figure 5(c)).
High gelatin concentrations of about 25%–30% resulted in the formation of distinct, closely spaced,
biomimetic networks, while with low concentrations of approx. 5%–10% only broad, randomly connected regions could be achieved ((figure 5(a) and
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supporting information S4). For foil, mean finger
widths range from 50 to 350 µm, mean finger heights
from 0.15 to 1.25 µm, and mean finger distances from
200 to 500 µm (figure 5(d)). For glass, mean finger width lie between 50 and 350 µm, mean finger
heights between 0.1 and 1.0 µm and mean finger distances between 250 and 500 µm (figure 5(e)). The
smallest finger widths and distances and the greatest
finger heights could be achieved with highest gelatin
concentrations.
In a previous work, a mathematical model for
fluid transfer in flexographic printing based on the
hydrodynamic lubrication theory [34] was presented.
Interestingly, this work demonstrated that the results
obtained for the printing of gelatin hydrogels are in
line with the theory [30], which states that the dominant finger distance for elastic printing forms λelastic is
proportional to the fluid shear viscosity η to the power
of m = −0.1 [34] (equation (5)), which can be derived
from equation (2).
λelastic ∝ η −0,1 .

(5)

This means that with higher printing fluid shear
viscosity, the finger distance decreases, resulting in
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Figure 5. Influence of gelatin concentration. Microscopic and profilometric images show great difference in appearance of the
finger-like structures when using different gelatin concentrations for printing (a). Exemplarily, shear viscosities of 10% and 30%
gelatin gel are plotted over shear rate (b). Also see supporting information S4. The averaged shear viscosities of all gelatin gels
used for printing are given over gelatin concentration (c). An exponential fit curve is presented in the plot. Measurements of
finger width, finger height and finger distance for foil (d) and glass (e) over gelatin concentration confirm the influence of
viscosity on the printed finger-like structures. When plotting average finger distance for different shear viscosities in double
logarithmic scale for foil (f) and glass (g), the linear fit for both substrates obtains a slope of m = −0.13 which suits very well to
the theoretical prediction of m = −0.1. The coefficients of determination are given as R2 in the plots.

more closely spaced networks. This is in accordance
with the findings of this research. When plotting average finger distance for different shear viscosities in
double logarithmic scale for foil (figure 5(f)) and glass
(figure 5(g)), the linear fit for both substrates obtains
7

a slope of m = −0.13 which suits very well to the
theoretical prediction of m = −0.1. The coefficients
of determination are R2 = 0.63 for foil and R2 = 0.86
for glass, thus the quality of the linear fit is relatively
good for both substrates.
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In addition to the aforementioned lubrication
theory, the surface levelling behavior of the fingering structures after printing must also be taken into
account here [38]. In the case of low viscous gelatin,
the printed, largely spaced network structures end up
in broad, ink-covered regions due to fast spreading of
the gelatin over large areas of the substrate before gelling. In case of the highly viscous gelatin, the spreading is very slow due to inner friction forces and does
not lead to a significant broadening of the fingerlike structures before gelling. Therefore, highly viscous gelatins with either a high Bloom number or at
high concentrations (25%–30%) are most suitable for
the fabrication of vascular networks.
2.2.4. Influence of the printing substrate
Various substrates can be considered in flexographic
printing, as there are no limits to the material with
this technology. In this work, the influence on finger
formation of two transparent materials commonly
used in biofabrication, glass and PET foil, were studied. Glass is the gold-standard in cell culture, microbiology and microscopy, as it is biologically compatible,
can easily be sterilized and offers high transparency.
PET foil is a much more flexible material with different wetting properties, which offers enormous scalability as it can be handled in a roll-to-sheet process.
The choice of substrate influenced the shape of fingers in different ways. While networks printed on
foil appear more branched (figures 6(a) and (b)),
the structures become more aligned when printed on
glass (figures 6(c) and (d)). This is probably caused
by the different elasticity of the substrates, which
influences viscous finger formation [34]. While the
foil used in this research is deformable and might
be slightly lifted from the substrate carrier during
fluid transfer, the glass substrate is rigid and does not
deform during printing. With 13 mN, the bending
resistance for the foil substrate was determined as at
least three orders of magnitude lower than the bending resistance of the glass substrate. Another reason
for the different appearance of the finger-like structures on foil and glass probably is the wetting behavior
of the gelatin on the substrates. For gelatin concentrations between 0% and 25%, gelatin showed a much
higher contact angle on foil than on glass (figures 6(e)
and (f)). Only for a 30% concentration, contact angles
were similar for glass and foil, around 60◦ .
2.2.5. Additional printer components and parameters
As indicated in the first part of this chapter, additional
components and parameters of the printing machine,
such as printing force, anilox force, anilox roller temperature and influence of cleaning procedure, were
studied. However, those were shown to have only little
impact on finger shape and size (supporting information S2, S5–S7). For optimized printing results, we
therefore adjusted these parameters towards enabling
8

most simple handling of the device and achieving a
reliable printing process.
2.2.6. Process optimization towards the biofabrication
of vascular networks
Following the systematic investigation of the previously described printing parameters the process
was finally adjusted towards biofabrication of vascular networks. For fabricating vascular networks, we
assumed that finger widths should not be larger than
50 µm and finger height should be larger than 1 µm to
enable the insertion of endothelial cells. Besides, finger distance should be smaller than 400 µm to provide
a good supply of nutrients and avoid necrosis. The
printing parameters that led to results most suitable
for vascular networks regarding finger width, height
and distance are a gelatin concentration of 30%, an
anilox roller dip volume of 8 ml m−2 , an anilox force
of 50 N, a printing force of 10 N and a printing velocity of 0.2 m s−1 for foil and 0.4 m s−1 for glass
(table 1). Exemplary printing results with optimized
parameters are shown in figure 7. Although printed finger-like structures look different on foil and
glass (figures 7(a) and (b)), resulting finger width,
height and distance are quite similar. When utilizing
optimized printing parameters, mean finger width
lies around 40–50 µm, mean finger height around
0.7–1.25 µm and mean finger distance around 150–
200 µm (figure 7(c)). This fulfills the requirements
for biofabrication of vascular networks.
In comparison to so far investigated 3D bioprinting approaches, such as drop-on-demand bioprinting or microextrusion, that yield channel structures
of about 100 µm in diameter [12], the finger-like
hydrogel structures created with flexographic printing enable a much higher lateral and vertical (approx.
1 µm) resolution. Thus, they enable the production
of capillary networks with a width of 40–50 µm. In
addition, the optimized printed network structures
in this work are finely distributed with finger distances around 200 µm on average, therefore ensuring a sufficient nutrient and oxygen support of tissue
between the capillary network. Of course, with softlithography [39], stereolithography and DLP [40, 41],
two-photon-polymerization [42] or recently reported
photo-ablation procedures [43], comparably small
dimensions can be achieved, however, so far this
is only possible at much higher fabrication times
ranging from several minutes to hours. Using the
laboratory-scale printing process as utilized in this
research, the fabrication of networks structures as
shown in figures 7(a) and (b) of size 25 000 mm2
takes place within about 2.5 s. Even more, the networks structures can be reproducibly printed and
flexibly adjusted to the shape and size desired for a
specific application. Other porogenic materials such
as poloxameres, and even other thermally or longtime gelling materials, can be structured using this
approach. Viscous fingering in conventional printing
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Figure 6. Influence of substrate on finger shape. Finger networks printed on foil are more branched (a) and (b) whereas they
appear more aligned on glass (c) and (d). This might be caused by the distinct wetting behavior of gelatin on foil (e) and on glass
substrates (f). We plotted contact angle over gelatin concentration, with 0% concentration meaning the wetting of pure distilled
water for comparison. Another reason for the different finger shape on glass and foil might be the different elasticity of
the substrates.

Table 1. Optimized printing parameters for foil and glass.

Substrate
Foil
Glass

Gelatin
concentration in %

Anilox roller dip
volume in ml m−2

Anilox
force in N

Printing
force in N

Printing velocity
in m s−1

30
30

8
8

50
50

10
10

0.2
0.4

9

Biomed. Mater. 17 (2022) 045012

P Brumm et al

Figure 7. Exemplary samples printed with optimized printing parameters on foil (a) and glass (b). This leads to optimized finger
width, height and distance as given in (c).

Figure 8. Cast of finger-like structures in agarose showing an exact replication of the network structure (a) with increased finger
dimensions (b) compared to the printed finger masters.

technologies is therefore a great platform for structuring biomaterials over a broad order of magnitude and
for diverse applications in biofabrication.
2.3. Embedding the printed vascular networks in
hydrogel bulk matrices
To demonstrate that the printed finger-like structures are suitable master molds for vascular networks,
printed structures were casted in agarose as a model
material for future perfusable tissue models. By casting, a complete and exact replica mold of the fingerlike structures was obtained as shown in figure 8. The
casts showed finger widths of about 50 µm and finger heights of 3–5 µm, which were ideally suited for
10

the fabrication of vascular networks. Interestingly, the
size of the replicas were larger than in the printed
finger-like structures (figure 8). This could be attributed to the repulsive surface charge of gelled gelatin
structures and the formation of a thin aqueous layer
at the gelatin-agarose interface, which we observed.
The detachment of the casted hydrogel from the printed mold was easily achieved and no thermal melting
of gelatin was required. This process is applicable to
hydrogels, of both natural and synthetic origin, and
with concentrations tailored to the tissue of choice,
making the printed finger-like structures a versatile,
platform technology for the biofabrication of arbitrary, vascularized tissue.
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In sum, the fabricated finger-like structures were
highly branched, inter-connected, and showed a
stochastically distributed, biomimetic morphology.
In particular, their high-level of interconnectivity
renders them suitable for perfusion of the casted
hydrogel replicas. As a pre-test for future perfusion,
a droplet of dyed water was infiltrated into a similarly produced network created in a plate-separation
test (figure 1(f)). In conclusion, the presented method
enables large-scale, fast, and cost-efficient fabrication
of perfusable tissue constructs at industrial scale.

3. Summary and outlook
In this paper, the fabrication of highly branched,
dendritic conduit networks using flexographic printing and the phenomenon of viscous fingering was
shown for the first time. The presented approach
holds great promise for the large-scale and time- as
well as cost-efficient biofabrication of hierarchically
organized channel networks. In the form of blood
vessels as well as lymphatic or neural networks, these
highly organized structures make a decisive contribution to the exchange of substances and information between tissues and organs and thus to the
functionality of complex organisms. In an initial feasibility study, the application of the described printing
process was demonstrated on the example of channel structures that mimic the morphology of capillary
vessels. The dimensions of the produced finger-like
structures could precisely be adjusted through systematic variation of the printing velocity, the anilox
roller dip volume, and the shear viscosity of the
applied printing fluid. Best results of the finger-like
structures were achieved at a gelatin concentration of
30% with a viscosity of 700 mPas, an anilox roller
dip volume of 8 ml m−2 and at comparably low
printing velocities (0.2–0.4 m s−1 ). In the optimized
printing experiments, finger widths ranging from 35
to 50 µm could be achieved with a vertical resolution of 0.5–1.3 µm. These highly branched networks
could be biofabricated with a laboratory scale printing machine on an area of about 50 × 500 mm2
within just 2.5 s, resulting in yet unprecedented printing velocities (10 000 mm2 s−1 ) and print volume
flows (10 mm3 s−1 ). The high printing output renders
the presented method useful for high-scale and ultrahigh-speed fabrication of hierarchically organized tissues. The subsequent casting of the samples with
agarose lead to finger widths of about 50 µm and
slightly larger finger heights of 3–5 µm, both beneficial for the recreation of e.g. vascular networks.
While other biofabrication methods, such as softlithography [39], stereolithography and DLP [40, 41],
two-photon-polymerization or recently reported
photo-ablation procedures [43] enable similar resolutions, flexographic printing outperforms in terms
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of its unprecedented bioprinting efficiency, which is
achieved in two ways:
(a) First of all, its innate nature to create highly
branched, dendritic networks with controllable
size and distance, but stochastically distribution,
renders the need for time consuming printing
preparation procedures, including algorithms to
calculate ideal capillary network distribution, 3D
modelling and slicing, unnecessary.
(b) Second, the printing procedure itself enables
high scale and ultra-high-speed fabrication of
the before mentioned networks reaching printing velocities of several 10 000 mm2 s−1 and print
volume flows of several 10 mm3 s−1 .
Another advantage of the developed method is its
broad applicability, which is not limited to the fabrication of vascular networks only. Due to the adjustable
dimensions, distances and branching factors that
could be achieved as well as the broad range of sacrificial hydrogels, the method holds great promise
for the rapid fabrication of networks with patterns
related to e.g. neural or lymphatic morphology, too.
Furthermore, casting and subsequent detachment of
hydrogel matrices onto the printed network were
shown to be simple and reliable and could be demonstrated without damaging the finger geometries. Analog to already established casting methods, such as
soft-lithography, the developed method enables the
reproduction of finger-like structures applying versatile matrix materials, such as agarose, collagen, GelMa
or Matrigel.
In summary, the process described is characterized by its high efficiency, versatility and wide
range of applications. Not only can industrial printing machines be used for fabrication of biological
networks, but there are also affordable and easy-touse laboratory scale printing machines on the market
that make the revolutionary technology of printing
biological networks for tissue engineering, as presented in this research, available for small laboratories, research institutions or hospitals. The choice of
substrate, hydrogel and type of cells is arbitrary and
thus can be tailored according to the specific needs
of the user or the chosen tissue model (liver model,
heart model, etc). In subsequent work, the biologization of the generated structures as well as the transferability to other biological channel structures and
conductive pathways, such as those found in lymphatic and neuronal networks should be examined. A
comparison using fractal dimensions of the printed networks to these biological networks would also
offer a further criterion for the selection of optimum
parameters. Furthermore, the applicability of the
method to the fabrication of multifunctional tissues for regenerative medicine and organ-on-a-chip
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Figure 9. Process of flexographic printing: Schematic representation (a) and laboratory printing machine (b). See video of the
printing process in supporting information S1.

systems will be investigated. The first results on
the wettability and perfusion of the channels (see
figure 1(f)) offer a foretaste of promising research and
development opportunities.

4. Experimental
4.1. Printing process
The printing experiments were conducted with an
IGT F1 flexographic printing machine (IGT Testing
Systems, Almere, the Netherlands), see figure 9. The
machine is a small (300 × 650 × 400 mm3 ), easyto-use, affordable printing machine normally used
as a printability tester in the laboratory. Differences
to conventional flexographic machines are the forcecontrolled pressure and the manual application of
fluid to the anilox roller.
The basic process of flexographic printing as
well as the laboratory printing machine used in this
research are shown in figure 9. The anilox roller,
which is structured with very small micrometer-sized
cells, dips into the ink reservoir and the cells fill with
printing fluid. Excess fluid is wiped off by the doctor blade. The anilox roller completely wets the flexible relief-like printing form. The anilox roller’s cell
volume per area, the dip volume, determines the fluid
volume that is provided to the printing form. The
printing form transfers the fluid to the substrate,
which is pressed against the printing form by the
impression cylinder. Industrial flexographic printing
machines can operate at printing velocities up to
about seven meters per second [33].
As printing form, we used an unstructured fullarea, photo polymeric, flexographic printing form
(50 × 500 × 1.14 mm3 , nyloflex FAH Digital,
ordered via Repro-Form Druckvorlagen und Gravur
GmbH, Dieburg, Germany). It was attached to
the cylinder with a double-sided adhesive tape
(DuploCOLL® , Lohmann, Neuwied, Germany). As
substrates, we used a 125 µm thick transparent polyethylene terephthalate (PET) foil (Hostaphan® GN
4600/125 µm, Pütz Folie, Taunusstein, Germany) of
size 60 × 750 mm2 and soda-lime glass carriers of
size 50 × 50 × 1 mm3 (Glaswarenfabrik Karl Hecht,
Sondheim/Rhoen, Germany).
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Table 2. Printing parameters used for the printing experiments.

Parameter

Value range

Substrate
Gelatin concentration in %
Anilox roller dip volume in ml m−2
Anilox force in N
Printing force in N
Printing velocity in m s−1

Foil, glass
5–35
4.5–24
10–500
10–500
0.2–1.5

Several test series on foil and glass were carried
out, where one parameter was varied while the other
parameters were kept constant. Gelatin concentration
was varied from 5% to 35%, anilox roller dip volume
from 4.5 to 24 ml m−2 , anilox force as well as printing
force from 10 to 500 N and printing velocity from 0.2
to 1.5 m s−1 (table 2).
4.2. Hydrogel preparation
Different hydrogels at several concentrations with
and without dye were prepared. For the printing
experiments, gelatin gels and agarose gels were prepared for the printing and casting experiments,
respectively.
The gelatin gels that were applied during flexographic printing were prepared using type A gelatin
powder (G1890, Sigma-Aldrich, St. Louis, USA),
made from porcine skin with a Bloom value of
300 g. We prepared gels in distilled water with varying gelatin concentrations (5, 10, 15, 20, 25, 30,
35 wt/v%). The red food dye ‘New Coccine’ (199737,
Sigma-Aldrich, St. Louis, USA) was added to the
prepared gelatin gels to make the printed fingerlike structures clearly visible to the observer and to
enhance contrast during microscopic analysis. The
dye concentration was kept constant for all gels at
2.5 wt/v%. The gelatin gels were heated in a water bath
at 40 ◦ C for 15 min until they formed a homogeneous
fluid ready for printing.
The agarose gel used for casting experiments
was prepared with agarose powder (A9414, SigmaAldrich, St. Louis, USA) at 2 wt/v% in distilled water
without dye. The agarose gel was heated to 90 ◦ C in a
water bath until the agarose powder was completely
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Table 3. Printing parameters used to obtain images for figures in this research.

Figure

Substrate

Gelatin
concentration
in %

Figure 1(d)
Figure 1(e)
Figure 3(a)
Figure 3(b)
Figure 3(c)
Figure 3(d)
Figure 3(e)
Figure 4(a) Left
Figure 4(a) Right
Figure 4(c)
Figure 4(d)
Figure 5(a) Left top
Figure 5(a) Left
bottom
Figure 5(a) Right
top
Figure 5(a) Right
bottom
Figure 5(d)
Figure 5(e)
Figure 5(f)
Figure 5(g)
Figure 6(a)
Figure 6(b)
Figure 6(c)
Figure 6(d)
Figure 7(a)
Figure 7(b)
Figure 7(c) Foil
Figure 7(c) Glass

Glass
Glass
Foil
Foil
Foil
Foil
Foil
Glass
Glass
Foil
Glass
Foil
Foil

30
30
30
30
15
15
15
30
35
30
30
10
10

Foil

Anilox roller dip
volume in ml m−2

Anilox
force in N

Printing
force in N

Printing
velocity in m s−1

8
8
8
8
16
16
16
4.5
16
7, 9, 11, 16
7, 9, 11, 16
16
8

50
50
50
50
50
50
50
50
50
50
50
50
50

300
10
20
20
20
20
20
20
20
20
20
20
20

0.2
0.4
0.2, 1.5
0.2, 1.5
0.2, 0.3, 0.4 … 1.5
0.2, 0.3, 0.4 … 1.5
0.2, 0.3, 0.4 … 1.5
0.4
0.4
0.4
0.4
0.5
0.4

30

16

50

20

0.5

Foil

30

8

50

20

0.4

Foil
Glass
Foil
Glass
Foil
Foil
Glass
Glass
Foil
Glass
Foil
Glass

5, 10, 15, … 30
5, 10, 15, … 30
5, 10, 15, … 30
5, 10, 15, … 30
30
25
30
25
30
30
30
30

16
16
16
16
8
16
8
16
8
8
8
8

50
50
50
50
50
50
50
50
50
50
50
50

20
20
20
20
10
20
10
20
10
10
10
10

0.5
0.5
0.5
0.5
0.2
0.5
0.2
0.5
0.2
0.4
0.2
0.4

solved, then the temperature of the water bath was
decreased to 40 ◦ C for 10 min until the agarose gel
was ready to use for casting experiments.
In this paper, % is used as a synonym for wt/v%.
4.3. Hydrogel characterization
We measured the shear viscosity of the used dyed
gelatin gels with a rotary oscillating rheometer (Kinexus lab+, NETZSCH-Gerätebau, Selb, Germany),
using a 1◦ cone-plate geometry with diameter of
60 mm. The shear viscosity was measured for shear
rates from 1 s−1 to 3000 s−1 at 40 ◦ C, taking two
measurement points per decade. For each gelatin gel
formulation, three shear rate curves were taken. Mean
value and standard deviation of shear viscosity were
plotted for every measured shear rate.
Wetting behavior of all dyed gelatin gels was
measured using a contact angle measuring device
(DSA 100, Krüss, Hamburg, Germany) using the
sessile drop method. For gelatin gels with 5%, 10%
and 15% concentration, droplets with a volume of
1 µl were measured, for 20%, 25% and 30%, the
droplet volume was increased to 10 µl to improve
the handling of the more viscous material. Per gelatin
gel formulation and per substrate, six sessile droplets
were measured, taking ten measurements per droplet.
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4.4. Characterization of network structures
The appearance of the printed finger-like structures
was evaluated visually using an upright microscope
in bright field mode (DM4000M, Leica, Wetzlar, Germany). At least two images were taken for each printed sample at locations that were as homogeneous
as possible. At least five to ten finger widths were
measured in each image, including thin as well as
thick structures.
The finger distance was acquired in MATLAB
using one dimensional fast Fourier transformation
perpendicular to the finger direction as utilized by
our group in a similar way before [30]. For each
pixel row of a light microscope image, the finger
frequency was determined by finding the amplitude
peak of the frequency spectrum in a predefined frequency range, which was chosen according to the
expected minimum and maximum finger frequencies. The finger frequency was converted into a finger distance according to given pixel size and absolute
resolution of the input image. This led to 1960 measuring points of finger distance per image.
The finger height was analyzed with a 3D optical
profilometer (Sensofar S NEOX, Sensofar, Barcelona,
Spain) in confocal mode with a 20× EPI objective (Nikon, Minato, Japan). Single images as well as
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2 × 2 stitched images with a size of approximately
1500 × 1250 µm2 were acquired. At least one image
was acquired for each printed sample. At least five to
ten finger heights were measured per image.
4.5. Casting in hydrogel
Printed samples on glass were prepared with 30%
gelatin, anilox roller dip volume 8 ml m−2 , anilox
force 50 N, printing force 10 N, printing velocity 0.4
m s−1 and then immediately cooled down in a refrigerator at 4.8 ◦ C or a freezer at −20 ◦ C. The prepared agarose gel for casting was poured onto the cold
printed samples. The printed samples were manually removed after sol-gel transition of the applied
agarose gel.
4.6. Measurement of substrate bending force
The bending resistance of the foil and the glass substrate was determined using a bending resistance
tester (K416, Messmer Buchel, Veenendaal, the Netherlands) at a bending angle of 5◦ and a measuring distance of 25 mm. Ten measurements were taken for
the foil substrate, using a new sample for each measurement. For the glass substrate, only three measurements were performed, since the bending resistance
exceeded the limits of the load cell, which was 10 N.
4.7. Printing parameters used in figures
To be able to reproduce the results from this research,
printing parameters used to create images for all
figures in this paper are depicted in table 3.
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