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Abstract The possibility of manufacturing textured materials
and devices, with surface properties controlled from the de-
sign stage, instead of being the result of machining processes
or chemical attacks, is a key factor for the incorporation of
advanced functionalities to a wide set of micro- and nano-
systems. High-precision additive manufacturing (AM) tech-
nologies based on photopolymerization, together with the
use of fractal models linked to computer-aided design tools,
allow for a precise definition of final surface properties.
However, the polymeric master parts obtained with most com-
mercial systems are usually inadequate for biomedical
purposes and their limited strength and size prevents many
potential applications. On the other hand, additive
manufacturing technologies aimed at the production of final
parts, normally based on layer-by-layer melting or sintering
ceramic or metallic powders, do not always provide the re-
quired precision for obtaining controlled micro-structured sur-
faces with high-aspect-ratio details. Towards the desired de-
gree of precision and performance, lithography-based ceramic
manufacture is a remarkable option, as we discuss in the pres-
ent study, which presents the development of two different
micro-textured biodevices for cell culture. Results show a

remarkable control of the surface topography of ceramic parts
and the possibility of obtaining design-controlled micro-struc-
tured surfaces with high-aspect-ratio micro-metric details.
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1 Introduction

Material (and device) surface topography has a direct influ-
ence on several relevant properties, linked to its final perfor-
mance, such as friction coefficient [1], wear resistance [2],
self-cleaning ability [3], biocompatibility [4], optical response
[5], touch perception, overall esthetic aspect, and even flavor
[6]. Therefore, it also plays a determinant role in material
selection in engineering design, especially in the field of
micro- and nano-system development, in which the effects
of topography on the incorporation of advanced properties
are even more remarkable.

Normally a device surface topography is a consequence of
its material’s natural state or the result of machining processes,
chemical attacks, or post-processes used for the manufacture
of a device or product. Several strategies for modifying mate-
rial topographies and surface properties have taken advantage
of conventional surface micro-machining [7], laser ablation
[8], micro-molding [9], biomimetic templating [10], physical
and chemical vapor deposition processes [11], sol–gel proce-
dures [12], and molecular self-assembly [13]. All these pro-
cesses require enormous hands-on expertise and final result
depends on several control parameters, whose interdepen-
dencies are normally complex to understand, characterize,
model, and master [14]. As can be seen from the previously
cited documents, top-down and bottom-up approaches for
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controlling surface properties co-exist and in many cases com-
plement each other [15], the former being more focused on
mass-production (as it derives from the micro-electronic in-
dustry), the latter providing remarkable geometrical versatili-
ty. Combinations of top-down and bottom-up approaches are
frequent and have usually focused onmanufacturing the larger
micro-metric features by means of top-down processes (mi-
cro-machining, etching…) and the smaller nano-metric details
by using bottom-up techniques (CVD, PVD, sol–gel…).

Advances in computer-aided design and in additive
manufacturing (AM) technologies are opening new horizons
for controlling surface topography, of materials and devices,
from the design stage and in a very direct, rapid, and easy way.
Even though conventional computer-aided design is only ca-
pable of handling Euclidean geometries and mainly rely on
simple operations (sketch-based operations, extrusions, pads,
holes, circular grooves…) for obtaining “soft” solids and sur-
faces, recent approaches relying on the use of matrix-based
programming have already proved to be useful for designing
rough surfaces and textured objects adequately described by
fractal geometries [16, 17]. In parallel, the continued progress
on additive manufacturing technologies (also called “solid
free-form fabrication” due to the complex geometries attain-
able), especially during the last decade, has increased the
range of materials capable of being additively processed and
greatly promoted their precision, even down to nano-metric
features, with implications in the development of advanced
materials, metamaterials, and devices based on them [18, 19].

In spite of the aforementioned potentials, the polymers
used in lithography-based AMT, are frequently of limited bio-
compatibility or inadequate for biomedical applications, what
limits enormously the span of final applications. For instance,
common thermoplastics used for the mass production of med-
ical devices, including poly(methyl methacrylate) (PMMA) or
polycarbonate (PC), cannot be processed using conventional
additive manufacturing technologies, and multi-stage process-
es are required for linking free-form fabrication with mass
production [20]. Recent research has also achieved ground-
breaking improvements in the bio-compatibility of AM mate-
rials [21, 22] and dramatically helped to increase the manu-
facture speed and the attainable precision of these technolo-
gies [23]. On the other hand, additive manufacturing technol-
ogies aimed at the production of final parts for demanding
applications, normally based on layer-by-layer melting or
sintering ceramic or metallic powders, do not provide the re-
quired precision for obtaining controlled micro-textures and
for enabling related advanced functionalities.

Towards the desired degree of precision and perfor-
mance, LCM technology is a good alternative in terms
of detail and attainable aspect ratios. In short, LCM is
based on the layer-by-layer selective curing of a photo-
sensitive resin which contains homogeneously dispersed
ceramic particles. The photopolymer acts as binder

between the ceramic particles and makes the precise shap-
ing of the part possible. The shaped form is produced as a
green body that has to be further processed to obtain a
part with higher relative density (99.4 % T.D.). These
post-processing steps include the debinding, i.e., the ther-
mal decomposition of the binder and the subsequent
sintering into a compact ceramic part. This technology
was developed at TU Wien [24–26] and is currently in-
dustrially developed by Lithoz GmbH.

In this study, we present the development of two different
micro-textured biodevices: a textured cell culture platform and
a textured micro-device for studying cell motility. Results
show a valuable alternative for precisely defining and control-
ling the surface topography of ceramic parts from the design
stage and for obtaining high-aspect-ratio micro-metric details
in ceramic components with complex geometries. Final parts
can be directly used for cell culture purposes, due to the ade-
quate properties of the ceramic materials used, without requir-
ing post-processes such as CVD–PVD depositions for pro-
moting biocompatibility or additional replications steps using
biomaterials. The strength, toughness, and hardness of the
additively obtained ceramic parts make them even candidates
for the manufacture of mold inserts for mass production. The
following section explains the methods and materials used,
before paying attention to the main results obtained, proposing
some future directions and detailing our concluding remarks.

Fig. 1 Computer-aided designs of micro-textured micro-systems. Upper
images: Micro-textured cell culture platforms with controlled surface
topographies. Lower image: Biodevice for studying cell motility along
different micro-textured channels
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2 Materials and methods

2.1 Design process

The first application example is a set of micro-textured fractal
surface-based cell culture platforms, with an improved level of
detail, for more adequate interactions at a cellular level than
previous preliminary prototypes [27]. The upper images of
Fig. 1 show a couple of micro-textured platforms with differ-
ent roughness levels. These circular platforms are 10 mm in
diameter. In both cases, the upper surfaces include a fractal
texture. Typical peak heights lay between 50 and 250 μm for
the left model and between 350 and 550 μm for the right
model.

The second application example (shown in the lower image
of Fig. 1) corresponds to a micro-system for studying cell
motility and addressing the effect of surface texture on cell
migration and overall behavior, as previously detailed [28].
The system includes a couple of micro-chambers connected
by several micro-channels, for guiding cell movement, each of
them with a different texture at its bottom. A typical cell mo-
tility experiment should begin with the incorporation of cells

to one of the chambers and of growth factors to the other one,
so as to promote cell movement from one chamber to another.
Channels are 200 μm in width and 6 mm in length. The
roughness of the different channels (maximum peak height)
reaches values around 5, 5, 100, and 150 μm, respectively.

Both micro-systems are based on a design procedure firstly
described by our team [27] combining different steps, includ-
ing (a) the generation of fractal textures using fractional
Brownian surface models with the help of Matlab (The
Mathworks Inc.), (b) the conversion of the fractal surfaces into
.stl format for further manipulation with computer-aided de-
sign programs, (c) the incorporation of thickness to the fractal
surfaces using conventional CAD modeling tools, and (d) the
combination, by means of Boolean operations, of the textured
zones with other solids previously designed, in order to obtain
more complex micro-systems or to adjust final size and exter-
nal shape. Our preliminary in vitro trials with both micro-
systems were carried upon rapid prototypes adequately coated
with diamond-like carbon, to avoid the toxic effects of the
acrylic resin, and upon some rapid copies obtained using
PDMS casting, as previously detailed [27, 28], and showed
promising results.

Fig. 2 Design adaptation for enhanced manufacture: Elimination of mass from outer walls to avoid over-exposure and minimize material contraction
(left). Rendered and shaded image for improved visualization of the micro-textured channels (right)

Fig. 3 Inside of “CeraFab 7500”
and building platform. Digital
light processing equipment
(LCM-Technology,Lithoz
GmbH, Vienna)
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Figure 2 shows a design adaptation, eliminating the excess
of material in the lateral walls of the micro-system by means
of Boolean operations, for controlling over-exposure to blue
light, which may limit precision, and for minimizing material
contraction and related stresses during sintering, as further
discussed in the manufacturing section.

2.2 Additive manufacture of master prototypes or green
parts

Once the design is prepared and optimized for 3D printing,
manufacture is accomplished by means of lithography-based
ceramic manufacturing (LCM) [29]. The master models or
green parts are manufactured, with previously prepared alu-
mina slurries, by digital light processing (DLP) using the
CeraFab 7500 machine, Lithoz GmbH (Fig. 3). The slurries
are prepared with commercial Al2O3 powders. These powders
are homogeneously dispersed, with the help of a dispersing
agent, in a formulation containing reactive monomers and a
solvent. In addition, the formulation contains a photoinitiator
(typically less than 1 wt%). The photoinitiator reacts under an

external energy source, in this case a LED emitting at 460 nm,
which excites the initiator, creating radicals that chemically
react with the monomers included in the mixture. The chain
reaction forms the desired matrix of (meth)acrylate monomers
that bind together the ceramic particles in the shape of the
original part. The reaction occurs in a brief lapse of time, while
a determinate section of the part is being projected with spe-
cific intensity and exposure time parameters. DLP uses dy-
namic masks, which represent an individual cross section of
the part being manufactured. The light engine uses high-
performance LEDs as light source and a DMD chip (digital
mirror device) as dynamic mask with a resolution of
1920×1080 pixels and a pixel size of 40×40 μm [29]. The
fabrication of the part is done in sequential layer-by-layer
manner. For each individual layer, fresh slurry is applied on
the building envelope via a dosage system and subsequent
rotation of the vat. Afterwards, the building platform is
lowered into the dispersion to a distance of 25 μm to the
bottom of the vat, which equals the thickness of an individual
layer in the green body. Then, the space-resolved exposure of
the slurry is done by the projection of an image corresponding

Fig. 5 a Example of screenshot
from mask layer (layers n°47, n°
34, and n°39) for the manufacture
of a micro-textured cell culture
platform. b Screenshots from
masks layers (30/33/35/37/42/45/
49) for the additive manufacture
of the micro-device for cell
motility

Fig. 4 Overexposure light on the slurry [26]
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to the cross section of the current layer. Some images from the
mask layers are shown in Fig. 5 by means of example. After
printing the parts, they are removed from the building plat-
form. The green bodies are cleaned with solvent for several
minutes until the non-polymerized slurry is removed from the
cavities of the part.

According to the scheme of Fig. 4, some over-exposure is
present, when the light is projected onto the bottom of the
batch with the slurry, to form each layer of the part being
constructed. This phenomenon, if not adequately taken into
account, affects part precision and may prevent the definition
of micro-metric details, which in some cases are represented
by the DMD as single pixels (see Fig. 5a). Especially in the
case of the biodevice for cell motility, very fine peaks must be
obtained, so as to precisely control surface roughness from the
design stage. With the original CAD design from Fig. 1, over-
exposure is promoted due to the homogeneous thickness of
the part. By means of example, Fig. 5b shows a wide projec-
tion zone in several layers aimed at the manufacture of the
micro-channels.

To prevent this effect, the re-design shown in Fig. 2 is
preferred and provides adequate results. After printing the
parts, they are removed from the building platform, which
contained a surface photo-reactive resin in order to fix the
parts during manufacture. The green bodies are cleaned in
an ultrasonic bath with solvent for several minutes until the

non-polymerized slurry is removed from the cavities of the
part, as shown in Fig. 6. Actually, ultrasonic cleaning pro-
duces cavitation effects, creating bubbles that help to remove
the remaining slurry upon the surfaces. Apparently, when
looking at the fractal details (Fig. 8), its effect on the final
features of the surface is not so critical, although the presence
of some bubbles and slight defects (Fig. 12) can be explained
by the use of this sort of cleaning, which may sporadically tear
some features of the surfaces. Additional research is needed to
address the impact, in terms of quality, time, and cost, of
alternative cleaning methods.

2.3 Sintering towards final ceramic prototypes

The polymeric masters, once the part is free of non-cured
slurry, are subjected to a thermal treatment with the aim of
obtaining a final ceramic solid part, free of any organic mate-
rial which could be toxic for the cell development. The binder
that makes up a large fraction of the green parts contains
substances, which are not chemically compatible with cells.
In addition, as the ceramic particles are separated, green parts
have lower density and mechanical properties than compact
alumina. The elimination of the organic components for
achieving final composition and properties is carried out as
described in previous research [25]. In short, the thermal var-
iation is controlled inside a high-temperature chamber furnace
from 30 up to 400 °C. Firstly, the solvent included in the slurry
is evaporated.

Subsequently, a slow temperature variation is provided, so
as to get an adequate decomposition of the binder, without
causing internal stresses due to the formation of gas at high
temperature. In a second step, the Al2O3 particles are sintered.
The part, already free of any organic component surrounding
the ceramic particles, is raised up to 1500 °C, hence achieving
sintering and resulting in a final compact part. The whole
process is schematized in Fig. 7.

20 mm  10 mm 

a b

Fig. 6 Green parts in the building platform (a) and cleaned parts after
ultrasonic cleaning (b)

Fig. 8 Sintered parts of micro-textured platforms (dim 2.9) and
magnified image of the platform with higher micro-texture for
appreciating the spiky feature

Fig. 7 Steps of thermal treatment from the ceramic green body to the
sintered dense ceramic
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3 Results

The manufacture of the micro-textured platforms with differ-
ent surface topographies shed light about the feasibility of
obtaining those complex geometries in ceramic materials
using the DLP technology. Figure 8, taken after sintering,
includes an image of the micro-textured ceramic platforms
magnified with higher micro-texture (2.9 fractal dimension)
in order to observe the spiky features in greater detail and the
layer which forms the macro-figures. At first glance, the tex-
tures adequately reproduce the designs and clear differences
can be appreciated between the platform with higher rough-
ness and the platform with lower roughness. When a deeper
observation is carried out, 3D representation Olympus DSX-
CB tool, the layers conforming the spiky features (and conse-
quence of the additive manufacturing process) can be appre-
ciated. The shape and dimensions are quite similar to the
model. Since the chosen layer thickness was 25μm, the height

they could reach is within the range of 150–500 μm, as it was
expected previously by the fractal model. In the right image of
Fig. 9, even 19 layers can be appreciated, corresponding to a
Rt value of 475 μm. In the case of the more planar platform,
shown in the left image of Fig. 9, around ten layers can be
counted, corresponding to a Rt value of 250 μm. These results
correspond to the designed values.

After carrying out a final more detailed topographic analy-
sis with Nikon SMZ80C and a digital camera (Imaging Source
DFK 72AUCO2) (Figs. 8, 9, 10, 11, and 12), we found some
interesting issues, especially in the upper layers. Those differ-
ences could be related to a non-homogeneous slurry layer
deposition during the building process, also to a not effective
polymerization and to the contraction during the sintering
process. A direct consequence of the additive manufacture
machine precision is the obtaining of master prototypes, in
which the last 25 μm of the spiky textures are lost, thus lead-
ing to somewhat softer surfaces than those from the original

250 m 250 m

Fig. 9 Comparative images of
the surface topographies of the
different cell culture platforms
(Dim 2.1: left/Dim 2.9: right).
Images taken with Olympus
DSX-CB tool

Fig. 10 Photographies of the
sintered parts (cell platforms on
the left and micro-device for
studying cell motility on the right)
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CAD files as it can be appreciated in Fig. 9, being the shape
even softer for the part of higher dimension, due to more
material and layers needed. This effect is shown (Fig. 9) and
measured by the size of the “islands” created which are longer
in the case of the 2.9 fractal dimension. For most applications

of micro-textured surfaces, such softer results may even be
positive, as the devices will be a bit softer to the tact and more
resistant, as fine needle-like details of 25 μm would normally
break down under the slightest mechanical request.

The micro-device was also checked by digital microscopy.
First results helped us to discover some slight flaws in the
micro-chambers, possibly as a result of residual material po-
lymerized inside the batch, which can be appreciated in
Fig. 11. After sintering, some contraction is appreciated, but
no cracks appear, hence helping us to validate the whole pro-
cess for the development of micro-textured biomedical
microdevices. The dimensional variations can be taken into
account from the design stage. Having a look at Fig. 11, the
differences can be understood: the original size of the green
part has a length of 16 mm, while the sintered part is 13.5 mm
long. These results account for a global volume variation of
19 %, which is in accordance with the theoretical results for
obtaining a relative density of around 99 %. The final lateral
dimension (width) of 6.6 mm, when compared with the orig-
inal dimension of 8 mm, also accounts for around an 18 % of
volume variation, which helps to highlight the homogeneity of
material contraction. Geometries are in accordance with the
original CAD model. The dimension of channels and baths is
checked by Imaging Source IC measure software resulting:
203 μm wide and 1863 mm long, respectively (Fig. 12).

In any case, the overall fractal aspect of the surfaces is
maintained from the design stage, through the prototyping,
to the final sintering step and the whole process is adequate
for obtaining micro-textured devices, apt for in vitro trials, and
with controlled modifications of surface topography. The last
trial over the device was carried out by using the Olympus

2mm 

Fig. 11 Profile measurement for each channel with different fractal dimension from up to bottom: 0/2.9/2.5/2.1

500

500

Fig. 12 Detail of micro-channels. a Batch and channel-wide, measured
by Olympus software. b Central section of the biodevice
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profile-generator tool, which leads to a 3D representation of
the object by overlapping a set of images taken with a deter-
minate pitch. As the result of this procedure, the final dimen-
sion could be slightly different, for that reason is understood
that the heights given by the profiler are not exactly precise.
However, the measurements performed help to validate the
proposed approach and allow us to check that the fractal peaks
manufactured with differences in height and width of less than
19 % when compared with the original CAD.

The process stands out for a manufacturing speed in the
range of around 100 layers/hour with a XYplane resolution of
40 μm and a layer thickness of 25 μm, hence being among the
most precise and rapid procedures for the manufacture of
high-quality ceramic parts, even when compared with very
recent developments [30]. In our case, shrinkage is around
19 %, well below the 30 % described by using pre-ceramic
monomers [30]. The provided images show high-aspect-ratio
details with lateral dimensions even lower than 40 μm and
heights above 500 μm, which is well beyond an aspect ratio
of 10, which is noteworthy for additively manufactured ce-
ramic parts.

4 Conclusions

In this work, we have presented the development of two dif-
ferent micro-textured biodevices which were manufactured by
lithography-based AM: a textured cell culture platform and a
textured micro-device for studying cell motility. Results show
a valuable alternative for precisely defining and controlling
the surface topography of ceramic parts from the design stage
and for obtaining high-aspect-ratio micrometric details in
ceramic components with very complex geometries. The
proposed process stands out for the attainable degree of detail,
for the high aspect ratios, for the adequacy of final materials
for biomedical testing, for the manufacturing speed and for the
possibility of obtaining textured micro-systems, which are
quite complex tomanufacture using conventionalmicromachining
technologies.

Regarding future studies, it will be important to focus on
exploring in depth the possible applications of design-
controlled textured surfaces and related devices. We foresee
relevant implications for areas including: tribology, due to the
potential promotion of adhesion using fractal textures; micro-
fluidics, due to the possibility of controlling the hydrophobic-
ity and hydrophilicity of surfaces by acting on their topogra-
phy; optics, due to the option of changing surface reflection
properties and overall esthetic, and biomedical engineering,
for the promotion of biomimetic designs. Currently, the design
process, for enabling the introduction of controlled texture
gradients and different kinds of texture variations within the
surfaces of interest for additional versatility, is being
improved.
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