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Abstract In this work we characterize a novel possibility
for PDMS (PolyDiMethylSiloxane) casting/ micromolding
methods with the utilization of molding forms fabricated by
a commercially available novel acrylic photopolymer based
3D printing method. The quality and absolute spatial accu-
racy of 1) different 3D printing modes (‘matt’ vs. ‘glossy’);
2) the molded PDMS structures and 3) the subsequently
produced complementary structures made of epoxy resin
were investigated. The outcome of these two form transfer
technologies were evaluated by the cross sectional analysis
of open microfluidic channels (trenches) with various de-
sign. Our results reveal the spatial accuracy in terms of real
vs. CAD (Computer Aided Design) values for the 3D
printed acrylic structures and the limits of their form transfer
to PDMS, then to epoxy structures. Additionally the signif-
icant differences between the various spatial directions (X,
Y, Z) have been characterized, and the conclusion was
drawn that the ‘glossy’ printing mode is not appropriate
for 3D printing of microfluidic molds.
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Introduction

3D RPT (Rapid Prototyping Technology) printing—more
specifically photopolymer printing based on Inkjet technol-
ogy—is a dynamically developing technique used in any

industry where prototype parts and physical models are
required including aerospace and defense, medical devices,
high technology, and manufactory. Current 3D printers tend to
achieve such a fine resolution (e.g. 16μm layer thickness) that
makes them utilizable for many microfluidic applications as
well. However, the capabilities of 3D printing are not yet fully
developed in the field of applied research/ experimental de-
velopment works, where flexibility and speed are key
demands. Based on our literature review, researchers apply
3D printed structural elements only in few cases in experi-
mental science nowadays, for example to realize and supple-
ment fluidic connections [1–3] or in the field of medical
diagnosis and treatment e.g. oral surgery [4–6] or cardiology
[7]. Novel works present a large variety of advanced technol-
ogies applied for microfluidic device fabrication, such as
contact liquid photolithographic polymerization [8] or print-
and-peel microfabrication [9]. Another recent work introduces
a maskless direct writing technique [10] for microfluidic fab-
rication and also gives an extensive overview about other
different rapid prototyping methods for microfluidic devices
—except 3D printing. In 2002 McDonald et.al investigated
the possibility of utilizing solid-objet printing for microfluidic
device fabrication [11], however the feature size of such
devices were above 250 μm which is far from the currently
available 3D printing resolution (e.g. 42 μm, 82 μm and
16 μm in the X, Y and Z axis respectively).

In one of our previous works the possible utilization of
high resolution 3D printing in three different application
areas was reported [12], such as the polymer-based micro-
fluidic fabrication method using relatively low-cost 3D RPT
molds. The reported total fabrication time of such devices is
approx. 3–5 h including the mold printing and polymer
casting. PDMS (PolyDiMethylSiloxane) is a versatile mate-
rial frequently used for various microfluidic purposes due to
its excellent molding and optical qualities. It is a great
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advantage that PDMS microfluidic parts can be bonded irre-
versibly to glass [13] or to other PDMS parts by means of
plasma or corona discharge treatment [14] or double sided
adhesive polymer tapes [15]. The most widespread method to
fabricate PDMSmicrofluidic elements is micromolding by the
utilization of various molds, such as PMMA (polymethyl
methacrylate) [16] or SU-8 structural photoresist [17].

In this work we investigate the limits of application of 1)
3D RPT printed molding forms and 2) epoxy molding forms
subsequently produced by deploying the 3D RPT printed
molding forms as a master and an intermittent PDMS cast-
ing step for the fabrication of PDMS microfluidic structures
(e.g. trenches). Besides the above mentioned two types of

structures we characterize the PDMS structures themselves
too vs. the theoretical values of the CAD design. The spatial
resolution and quality of the molding form plays an impor-
tant role in the process. That is why our primary aim is to
characterize 1) the quality and accuracy of the 3D printing in
the case of different printing setups (‘matt’, ‘glossy’) and 2)
the quality of the form transfer techniques to PDMS and
epoxy. The epoxy form transfer step is considered as a
possible way to fabricate and reproduce more rigid and stable
molding forms for PDMS structures, since the acrylic
photopolymer-based 3DRPT printed parts and molding forms
are very sensitive to temperatures above 45 °C and do not
allow quick curing of PDMS at elevated temperatures.

Fig. 1 CAD drawing of the test
pieces with 3 columns for
investigating ‘X’, ‘Y’ and ‘Z’
directions and 2 rows for
investigating the integer and
non-integer multiple of the res-
olution unit

Table 1 Parameters of trenches
in the measurement series Running parameter z [μm] y [μm] x [μm]

Integer multiple of the resolution unit (zones A-C) 16 84 42

32 168 84

64 252 126

96 336 168

128 420 252

160 504 336

Non-integer multiple of the resolution unit (zones D-F) 20 80 50

40 160 100

80 240 150

120 320 200

160 400 250

200 480 300

Fixed dimension y0500 μm z0200 μm z0200 μm

Length of trench x010 mm x010 mm y010 mm
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Materials and methods

Materials

Raw PDMS components (Sylgard 184) were purchased
from Dow Corning Corp. (USA). FullCure 720 model ma-
terial and FullCure 705 support material were purchased
from Varinex Inc. (Hungary). Raw epoxy components
(Eporezit T-111, Epovill A) were purchased from P+M
Polymer Chemistry Inc. (Hungary).

3D Printing

For 3D RPT printing an Objet Geometries Eden 250 printer
with FullCure 720 model material and FullCure 705 support
material was used. The resolution of the printer is 600 dpi
(42 μm), 300 dpi (82 μm) and 1600 dpi (16 μm) in the X, Y
and Z axis respectively according to its datasheet. All fab-
ricated structures were immersed in 7 % NaOH solution for
30 min after printing to remove all the remaining support
material. Autodesk Inventor 2010 software was used for
designing the objects.

PDMS casting

Raw PDMS was prepared by adding Sylgard 184 curing
agent to Sylgard 184 silicone elastomer in 1:10 m/m ratio.
The freshly prepared pure PDMS prepolymer was casted
against the 3D RPT fabricated master either in a homemade
casting workstation consisting of a vacuum exsiccator, a
water stream based vacuum pump and tubing or in a home-
made vacuum chamber with a rotary vacuum pump. After

removing the bubbles for 10 min in vacuum (pressure below
5 kPa) PDMS was cured at 140 °C for 60 min.

Epoxy casting

Raw epoxy was prepared by adding Eporezit T-111 curing
agent to Epovill A epoxy elastomer in 1000:735 m/m ratio.
To avoid formation of air bubbles in the final structures the
fresh epoxy samples were put into a pressure chamber with

Fig. 2 Illustration of the form
transfer technology steps. From
left to right: 3D RPT printed
molding form, PDMS negative,
epoxy positive (can be used as
molding form instead of the 3D
RPT printed one)

Fig. 3 Theoretical vs. measured channel depths (Z-axis). Squares:
‘glossy’ printing mode, round: ‘matt’ printing mode; line: optimal
accuracy (measured0theoretical)
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400 kPa overpressure for 25 min. Afterwards the molded
epoxy parts were heated to 120 °C for 40 min in order for
hardening.

Measurement series

Test pieces were designed with 6 structural zones (A–F)
according to the schematics presented in Fig. 1.

Table 1 collects the parameters of trenches designed for
the measurement series testing the spatial accuracy of the
3D printing and the two form transfer technologies. The
measurement series is designed in a way that enables the
test of the spatial resolution of the printer in integer multi-
ples of its theoretical resolution units, (which is 42 μm,
82 μm and 16 μm in the X, Y and Z axis, respectively)

and also in non-integer multiples of the resolution. The
length of each trench was 10 mm; the distance between
the trenches was 1 mm.

Figure 2 illustrates the steps of the form transfer technol-
ogy process.

Profile measurements

The profiles of trenches were measured with an Alpha Step
500 surface profiler from Tencor Instruments. The length of
the profiler needle was 880 μm with a tip angle of 60o. The
applied scanning speed was 0.1 mm/s with a resolution of
2 μm. The exported profiles were evaluated with custom
Matlab software obtaining and evaluating 5 cross section
profiles from each section taken at ca. 1, 3, 5, 7 and 9 mm

Fig. 4 Theoretical vs.
measured channel widths in the
X-direction (left) and in the Y-
direction (right). Squares:
‘glossy’ printing mode, round:
‘matt’ printing mode; line: op-
timal accuracy
(measured0theoretical)

Fig. 5 Scanning Electron Microscope (SEM) images of the channels printed in ‘matt’ (left) and ‘glossy’ (right) mode
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along the axis of the 10 mm long trenches. The channel
width was measured at 50 % depth levels of the trenches.

Results and discussion

Validation of the spatial accuracy of printing

As the first step, the spatial accuracy of the Objet Eden 250
printer was measured and compared for the two printing
modes (‘matt’, ‘glossy’). Our results shown in Fig. 3 indi-
cate that the measured depths values are close to the theo-
retical values from the CAD plan (straight line) and reveal
that ‘matt’ printing mode provides higher accuracy. The
average deviation from the theoretical depth values is
12.8 % for the ‘matt’ mode and 21.2 % for the ‘glossy’
mode calculated for the whole measurement range (from
16 μm to 200 μm). Since the printer works with 16 μm
thick layers in the Z direction, the designed depths values
which are non-integer multiples of this value are realized
with an extra 16 μm thick layer. Hence, as it can be seen in
Fig. 3, the printer is more accurate when the designed
channel depth is integer multiple of the resolution. The
average deviation from the theoretical depth values is
7.3 % for the ‘matt’ mode and 9.9 % for the ‘glossy’ mode
calculated for the channel depths, which are an integer
multiple of the resolution.

Figure 4 compares the theoretical and measured width
values of trenches in the Y and X directions, respectively.
The accuracy of the ‘glossy’ printing mode is unacceptably
low, the average deviation between the theoretical and
printed width of the channels is 115.2 % in the X and
152.4 % in the Y direction for the whole measurement range
(but only 33.5 % and 51.2 % in the X and Y dimensions
respectively for channels above 250 μm widths). In com-
parison, for the ‘matt’ mode the same average deviation is
39.2 % and 89.7 % in the X and Y directions respectively
for the whole range (and only 18.7 % and 13.9 % for
channels above 150 μm widths). The widening of the chan-
nels printed in ‘glossy’ mode is probably due to the lack of
support material used for the printing in ‘matt’ mode, which
causes the channel walls to deform after the deposition of
the acrylic model layer. The ‘glossy’ printing mode is ap-
plied in such cases when the transparency of the printed part
and outer surfaces with less light-scattering are important.
This mode enables the surface roughness of these samples to
be somewhat better than the samples printed in ‘matt’ mode
(an average Ra of 0.59 μm compared to 0.78 μm according
to the cumulated analysis of our whole measurement series).
This means, that it is easier to remove the PDMS from the
‘glossy’ masters than from the masters printed in ‘matt’
mode which could be important in the case of structures
that have high depth/width ratio.

Figure 5 presents sample scanning electron microscope
(SEM) images of the two different printing modes. It can be
seen that the ‘glossy’ printing mode results in much smooth-
er features. However, if these aspects are less important, the
‘glossy’ mode is not advised for microfluidic applications
below the 400 μm range due to its low printing accuracy
based on these results. We have to mention that the correc-
tion of the channel distortion in the X and Y dimensions
could be possible by changing the CAD design, but since
the change of the features are structure dependent the user
has to characterize and design the compensation for every
custom structure in ‘glossy’ mode.

Fig. 6 Theoretical vs. measured depth values in the subsequent phases
of the form transfer technology in ‘matt’ mode. (Note: the following
data are missing from the graph: RPT-16 μm, PDMS-16 μm, epoxy-
20 μm)

Fig. 7 Theoretical vs. measured Y-dimensional width values in the
subsequent phases of the form transfer technology in ‘matt’ mode.
(Note: the following data are missing from the graph: PDMS-80 μm,
epoxy-80, 160 μm)
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The leaning and widening of the trench walls also occur
in ‘matt’ mode, especially for dimensions below 200 μm for
the Y-direction and below 150 μm for the X-direction. The
Y direction of the printer seems to be more accurate, despite
the fact that it is the one which, according to the user manual
of the 3D printer has lower resolution. Considering this
contradiction the authors maintain the possibility that the
printing directions are mixed up in the supplied software of
the Objet Eden 250 printer used.

Based on these results we only validated the accuracy of
the form transfer technologies that utilize masters printed in
‘matt’ mode, as it can be seen in the next chapter.

Accuracy of the form transfer technology

Figures 6, 7 and 8 compare the theoretical (i.e. in the CAD
plan) and measured dimensions of the trenches in the dif-
ferent steps of the polymer casting based form transfer. It
can be seen, that the depth values are transferred with
acceptable accuracy (94.65 % +/−16 % for the PDMS trans-
fer and 115.57 % +/−15 % for the epoxy transfer, calculated
fort the whole measurement range).

Considering the planar resolution, above 160 μm in the
Y-dimension the width values decrease after the PDMS and
subsequent epoxy casting. In the X-dimension the results are

Fig. 8 Theoretical vs.
measured X-dimensional width
values in the subsequent phases
of the form transfer technology
in ‘matt’ mode. (Note: the fol-
lowing data are missing from
the graph: PDMS-42, 50, 84,
100 μm, epoxy-42, 50, 84, 100,
126 μm)

Fig. 9 Theoretical channel
depth vs. measured channel
angle in the subsequent phases
of the transfer technology in
‘matt’ mode. (Note: the
following data are missing from
the graph: RPT-16 μm, PDMS-
16 μm, epoxy-20 μm)
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the opposite: the width values increase similarly to the
standard deviations. We can conclude that according to
these results the form transfer in the Y-dimension is more
accurate and thus this direction should be selected as width
for printing of trenches.

Figure 9 shows the measured wall angle of the trenches in
the function of the depth values. The wall angles are very
low which also confirms that the walls lean after the poly-
mer deposition during printing, even in the case of ‘matt’
printing. As a consequence the trenches widen and thus the
width of a trench is limited in the X and Y dimensions to
200 μm for ‘matt’ mode and to 400 μm for ‘glossy’ mode,
as can be seen in Figs. 3 and 4. The results also indicate that
the angle of the walls increases significantly with the depth
values. Apart from this it increases after the epoxy molding.
This is a positive side effect which means that the epoxy
resin somehow compensates the flaws in the PDMS chan-
nel. Figure 10 left illustrates the angle difference between
channels printed in matt and glossy mode in various depths,
while Fig. 10 right shows the effect of the epoxy molding on
the wall angle.

The surface roughness of the structures increased signif-
icantly in each step of the transfer technology (Ra00.78 μm;
1.52 μm; 1.96 μm for the RPT, PDMS and epoxy steps
respectively, the calculation was performed for cumulated
data obtained from all the measurements done).

Considering our findings and the operating principle of
the Objet Polyjet technology, which always runs a rolling
cylinder over the last printed acrylic layer before the UV
illumination step, our hypothesis is the following: by avoid-
ing the slim structures parallel to the X-direction, namely
diagonally oriented trenches and arcs in the design, it is
possible to approach the planar accuracy found along the
Y-axis. In the near future our work will be focused on the
validation of this hypothesis.

Conclusions

The printing accuracy of the two printing modes (‘matt’,
‘glossy’) of the Objet Eden 250 3D RPT printer was
compared along with the accuracy of PDMS and epoxy
transfer technologies. We found, that although the
‘glossy’ printing mode yields fully transparent parts with
smaller surface roughness, only the parts printed in ‘matt’
mode could be applied for microfluidic purposes with
acceptable accuracy in the Y, and X directions. The
low angle of the walls, which was caused by the leaning
of the photopolymer material after deposition induces
channel widening, which limits the achievable minimal
channel width to 200 μm for ‘matt’ mode and 400 μm
for ‘glossy’ mode. The Z directional accuracy of the
printing is adequate for both modes, but it was also
found to be better in the case of ‘matt’ printing. The
PDMS and epoxy transfers yielded successful geometry
transition in the Z direction, however in the Y direction a
decrease while in the X direction a significant increase
was observed in the transferred channel width. Based on
the results the Y-direction of the printer is suggested to
be used for more accurate channel widths. We also found
that the angle of the channels increases after the epoxy
molding, and that the surface roughness (Ra) of the
structures increases in both polymer transfer steps.
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Fig. 10 Channel wall profiles for the illustration of the wall angle for
various channel depths. Left: ‘matt’ RPT Channel (theoretical depth
160 μm), ‘matt’ RPT channel (64 μm), ‘glossy’ RPT channel (40 μm);

right: ‘matt’ RPT channel (160 μm) and the same channel after epoxy
molding. For all the channels the theoretical width is 150 μm
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