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Abstract
Presented herein is a masking method for SU8 based soft lithography which utilizes a simple optical setup using transparen-
cies printed with a commercial standard office printer. The relatively low printing quality of the printer is partly overcome 
by imaging of the mask with negative magnification that utilizes relatively cheap and easily available parts. The imaging 
quality as well as the quality of the resulting SU8 master is assessed by means of microscopic imaging.

1 Introduction

There are numerous applications for the use of microfluid-
ics, such as for example hematology (Holmes et al. 2009), 
viscosimetry (Guillot et al. 2006) or interfacial tensiometry 
(Cabral and Hudson 2006) and the food industries (He et al. 
2020). A particularly interesting field of application is in 
hand-held devices, which hold for example optical sensorics 
and use disposable microfluidic chips. Especially, with the 
use of recent developments, such as all-Silicon microdis-
plays (Wu et al. 2021) and on-chip microoptical sensors (Xu 
et al. 2019), which could offer high integration potential. 
However, the broad development of microfluidic application 
requires simple, fast and cost-effective ways to prototype 
geometries.

The soft lithography method has been arguably the most 
important and broadly used method for the production of 
microfluidic chips within the last decades. The process is 
basically composed of two steps. First, a rigid master is 
produced. It holds a negative of the desired geometry on 
a suitable substrate. In the second step, a polymer, com-
monly PDMS (Polydimethylsiloxane), is cast onto the nega-
tive structure. After the curing of the polymer, the master 
is removed, leaving behind the channel structure onto the 
polymer. Arguably, the key step of the soft lithography pro-
cess is the selective exposure of a photoresist layer to UV 
radiation, which causes cross-linking of the polymer chains 

depending on the method used. In the next step the photore-
sist is developed by a suitable chemical that removes all non-
cross linked photoresist, leaving the negative of the desired 
microstructure. The most commonly used exposure method 
in microfluidics is the contact printing method. Here, the 
photomask is brought in direct contact with the photoresist, 
allowing for the passage of light only on a certain area. The 
optical resolution of the photomask determines the maxi-
mum achievable resolution of the microchannel. Therefore, 
the necessity of high optical resolution photo-masks is 
immediately understandable.

An alternative approach is called projection photo lithog-
raphy (Rothschild 2005). In contrast to the contact print-
ing methods, the pattern is not formed by the shadows of 
the photomask, but rather the image of the photomask is 
projected onto the substrate with optical reduction. The 
advantage of the used method is to be contact-less and 
comparatively flexible. In contrast to the contact printing 
method, the resolution of the photomask can be consider-
ably lower, due to the optical reduction of the used optical 
system. This enables the use of commercial printers up to 
a certain degree of accuracy. A comparable approach was 
used by Love et al. (2001) reaching resolutions close to the 
refraction limit ( ∼ 0.6 μm ) using a commercial microscope, 
a mercury vapour lamp and film printed photomasks with 
5000 dpi and immersion lenses to achieve a maximum reso-
lutions close to the diffraction limit. The use of commercial 
unmodified microscopes however results in relatively small 
image-cross sections, which limits the achievable size of the 
actual geometry size to a cross section of 400 μm (with 100× 
optical reduction). Kwon and Ju (2018) also used a com-
mercial microscope, but with LED illumination, successfully 
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producing refraction gratings. Wang et al. (2009) proposed 
a method using an DMD (digital micromirror device) which 
is able to produce SU8 Masters without the use of a photo-
mask, where desired channel geometry could be projected 
onto the photoresist directly.

Especially in the field of microfluidics the producible 
geometry should be large enough to allow for connections 
to e.g. piping. Additionally, microfluidic structures often 
need non-negligible channel heights to limit the geometries 
pressure losses.

The herein proposed setup uses a large Fresnel lens as 
condenser lens and a microscopic lens objective (also the 
use of commercial achromatic lenses was tested). The setup 
enables the projection of a comparatively large area (low 
resolution) photomasks onto a comparatively large area of 
photoresist. This allows for the production of microfluidic 
geometries in one exposure step and offers a simple way to 
adjust the final size of the microchannels through adjustment 
of the optical reduction of the imaging system within certain 
boundaries. In this study we investigate the capabilities of 
the system, with regard to applicable optical reductions, nec-
essary exposure times and obtainable image and mask cross 
sections. The aim of this paper is, to facilitate a low cost and 
easy to use tool for rapid prototyping of microfluidic geom-
etries, enabling them to quickly find optimal geometries for 
research in the field of microfluidics.

2  Materials and Methods

The proposed setup uses an imaging system with an optical 
reduction with a system of two lenses, see Figs. 1 and 2). 
A Luminus CBM-120-UV-X31-I365 Power LED (actively 

air cooled) light source with a peak wavelength of 365 nm 
was used. The LED was selected to match the main absorp-
tion peak of the photoresist. The lightsource was operated 
at constant wave (@12.7A, 5V).

The imaging is achieved with a lens-system consisting of 
two lenses (see Fig. 2). The first lens behind the light source 
is a Fresnel lens with a 500 × 500mm2 square cross section 
and a focal length of approximately 70mm . Fresnel lenses 
are generally known to have comparatively low imaging 
quality however, they present a good trade-off for illumina-
tion purposes because of their light weight, large area, low 
focal length and low costs. The large size of these kind of 
lenses, while possessing low focal length at the same time, 
allows for collimation of light over a large aperture. The 
Fresnel lens acts as condenser lens and makes the incident 
divergent rays of the light source convergent, focussing them 
on the second lens. The large area of the lens serves two 
purposes. First, the large area collects and collimates light 
of the divergent lightsource under an angle � ≈ 40◦ , which 
involves light down to a relative intensity of ≈ 80% (Lum 
2019) given the radiation pattern of the LED. Secondly, the 
photomask with an area of 297mm × 210mm needs to be 
illuminated as completely and evenly as possible.

The second lens is the Imaging lens. In the presented 
study, a Leica 1× Planapochromat microscopic lens with 

Fig. 1  Schematic setup with distances for 10× optical reduction A 
(255 mm), B (200 mm), C (930mm), D (130 mm)

Fig. 2  1  : Light source 2  : condenser and photomask 3  : objective 
Lens 4  : imaging plane and substrate
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an numerical aperture (NA) of 0.2 was used. The usage of 
a single lenses is also possible. However, for good imag-
ing quality the Objective lens needs to have a good qual-
ity (achromats/duplets) and needs to correct for spherical 
aberrations. Additionally, the used microscope objective is 
optimized for high power UV throughput, thus originally 
built for florescence microscopy, and therefore causes low 
light absorbance in the UV spectrum.

Given the numerical aperture (NA) of the imaging lens 
and the object distance C (see Fig. 1 the resolution of the 
imaging system could be calculated via b = �∕(2NA) , with 
NA being the numerical aperture of the system and � the 
wavelength of the lightsource. Assuming, that the mask 
has a maximum dimension of 300 μm and is positioned in 
the central the theoretical resolution is ≈ 1.1 μm and could 
potentially be reduced by decreasing the object distance C. 
However this would lead to increasing losses in light inten-
sity and and a less even illumination of the imaging plane.

The photomask is positioned onto an intermediate layer 
150mm below the Fresnel lens. The substrate, holding the 
photoresist, is positioned onto a vertically adjustable table. 
All components are positioned co-parallel and centred to 
the vertical (optical) axis. Apart from the condenser and 
the photomask, the vertical position of all optical elements 
is adjustable. However, due to the large distances between 
the optical elements, a relatively high uncertainty in their 
position adjustment was present. For the application of dif-
ferent optical reductions, herein defined as M = X∕x (X is 
the linear dimension on the photomask, x is the linear dimen-
sion on the Image or the photoresist) the distances A, B and 
C (Fig. 1) have to be adjusted. The critical distance is the 
object distance C. This distance varies the optical reduction 
ratio and determines the image size and system aperture. 
After setting distance B, distance A (distance between the 
condenser and the light source) has to be chosen in a way, 
that the aperture on the illumination side (lightsource, photo-
mask and Fresnel lens) matches the aperture of the objective 
lens as close as possible. Finally the distance D is selected 
by adjusting the height of the substrate table. The optimum 
focus is set directly onto the surface of a test wafer. After 
the adjustment procedure, the setup is ready to be used for 
UV exposure of the photoresist. The photomask was printed 
onto a standard overhead transparency (A4, 210 × 297mm2 , 
Acetate film) using an office laser printer with 1200 dpi . Fig-
ure 3 shows the geometry of the used grid and the resulting 
print quality. The test grid consists of a center dot, which is 
placed directly into the optical axis of the setup, as well as 
a small grid with 0.3mm grid lines and a slightly larger grid 
with 0.5mm linewidth. The grid spacing is 10mm for both 
grids and the offset between the two grids is 5mm . The test 
grid geometry was produced using an open-source vector 
graphics tool. Figure 4 shows light microscope images of 
the section marked in Fig. 3. It can be seen that the printed 

films are accurate to about ∼ 40 μm . However, the prints 
are able to resemble the correct ratio between the two line 
widths of 0.5∕0.3 = 1.66 . The transitional distance between 
the opaque the translucent sections are about 40�m (see 
Fig. 4). Considering the resolution b of the optical system, 
it can be seen that the mask quality is the limiting factor of 
the proposed setup.

In the present study we used a photoresist by MICRO-
CEM SU-2075. The substrate is a 100mm standard silicon 
wafer. The photoresist layer thickness for all experiments 
was about 60 μm , which was produced by spin coating 
according to the data sheet. In the soft lithography process, 
a pre-exposure bake (7 min @ 95◦C ) and a post-exposure 
bake (10 min @ 95◦C ) was performed. The structures were 
developed using 1-Methoxy-2-Propylacetat (PGMEA, 
Sigma Aldrich) and Isopropanol as a rinse. The quality of 

Fig. 3  Grid structure with center dot, small grid (red) and large grid 
(white) (color figure online)

Fig. 4  Light microscopy image of the center mask section
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the masters was investigated using a Keyence digital micro-
scope at 100× magnification (pixel resolution 1 μm∕pixel ). 
Additionally, the imaging quality for different optical reduc-
tions was priorly investigated with a CCD camera. The 
CCD camera chip (.pco4000, 2000 × 4000 pixel , 9 μm pixel 
pitch) was positioned directly within the imaging plane of 
the setup. For this preliminary investigation the LED output 
power was reduced rigorously to avoid damaging the camera 
sensor.

The LED power was constant for all investigated optical 
reductions. Although, the camera is not able to quantitatively 
asses the irradiation, its pixel values are proportional to the 
radiometric flux (Hain et al. 2007) and therefore allow for a 
qualitative assessment of the uniformity of illumination. The 
illumination of the LED causes non-uniform illumination at 
the imaging plane, as could be seen in Figs. 5 and 6. Radia-
tion doses that differ to much from the optimum, needed 
by the photoresist, do cause either under- (for to small) or 
overexposure (for to large). In the case of underexposure, 
the effect on the master is delamination (in extreme cases) 
or shrinking of the developed structures. In case of overex-
posure, the structures will grow over the edges, defined by 
the photomask. The radiation dose depends of the local light 
intensity and the overall exposure-time. These two param-
eters have to be optimized in the process to achieve optimum 
results for accuracy over a maximized imaging area.

Figure 5 shows the light intensity measured by the camera 
for different optical reductions. The black ellipses mark the 
isolines that represent a drop to 50 % light intensity in rela-
tion to the image center and the maximum light intensity. 
The illuminated spot takes a slightly elliptical shape because 
of the square 2/3 cross-section of the LED chip. Using the 
proposed setup, the light intensity changes over the image 

always lead to overexposure in the center region and under-
exposure in the outer regions of the image.

Figure 7 shows the imaged mask pattern for 10× optical 
reduction. The non-uniform illumination is clearly visible in 
the overall image (Fig. 7, subfigure 1). Two smaller cross-
sections are displayed in Fig. 7 subfigures 2 and 3, represent-
ing the center region and the outer region at I∕Imax = 0.5 . 
The diagram on the right shows the intensity profile over the 
lines displayed in subfigure 2 and 3. Generally, the imaging 
quality, such as edge sharpness and light intensity decreases 
to the outward regions of the image. Additionally, the light 
intensities of small structures (left peak) are also decreased. 
For the center patch (subfigure 3) the smaller grids intensity 
is reduced by 10 % compared to the larger grid. This ten-
dency becomes even more severe at the outer regions (red 
line, Fig. 7). Here, the intensity drops by approximately 30 
%. Also the intensity rise gets less steep with negative impact 
to the photoresist master. The uneven radiation profile is 
mainly caused by the radiation profile of the lightsource 
itself and the losses due to reflection at the first surface of 
the Fresnel lens. The later could be partly overcome by anti 
reflective coating. The radiation profile of the LED could be 
improved by the use of additional collimation lenses.

3  Results

Figure 8 shows stacked images of the resulting masters at 
different optical reductions. The images do not cover the 
total master area, because of the limitations of the used digi-
tal microscope. The master contains areas of delamination at 
the corners of all three sub-images of Fig. 8, where the pho-
toresist does not stick to the substrate due to underexposure, 

Fig. 5  Relative light intensity at imaging plane (on the substrate) over 
the image cross-section at 7×(Subimage A), 10×(Subimage B), 12×
(Subimage C) optical reduction. The solid black ellipse marks the 
isoline of 50% relative light intensity

Fig. 6  Relative light intensity over horizontal center line: 
(-)7×, (-)10×, (-)12× 



Microfluidics and Nanofluidics (2022) 26:24 

1 3

Page 5 of 7 24

rendering the region unusable for the casting of microfluidic 
structures. The usable mask area increases with increasing 
optical reduction, while the area of the image is approxi-
mately constant. Aside from delaminations, the grids show 
a slight curvature over the whole master area due to optical 
distortion and spherical aberrations. Even though imaging 
errors like astigmatism can be reduced by careful alignment 
of the optical elements, the severity of optical aberrations 
mostly depends on the optical elements themselves and their 
associated apertures. Therefore, the accurate positioning 
of the optical elements is essential to the setup and opti-
cal reduction. However, slight optical distortions do not 
necessarily affect the applicability of a microfluidic chan-
nel, and might therefore be acceptable. Table 1 shows the 
resulting image (master) sizes by means of their horizon-
tal and vertical dimensions. The master dimensions were 
measured from the images taken with the digital microscope. 

The applicable mask sizes could be derived by counting the 
squares in Fig. 8. The image intensities corresponding to 
the outer region of the master were obtained by the relative 
intensity curves (Fig. 4) at the locations of the red square 
centers, drawn in Fig. 8.

By comparing the light intensity profiles and the result-
ing photoresist masters a minimum relative light intensity 
of 0.85 could be determined for all optical reductions. This 

Fig. 7  Imaging quality at 10× optical reduction

Fig. 8  Grid structures at 7× (1), 10× (2) and 13× (3) optical reduction. Blue boxes mark grid center, red Boxes mark the outer grid regions (color 
figure online)

Table 1  Ellipsoidal illuminated mask and image main axis

M - Mask size h(v) [mm] Mold h(v) [mm] min(I∕Imax ) 
[%]

Exposure [s]

7.5× 110 (100) 13.3 (12.1) 88 80
10× 160 (135) 13.6 (11.5) 88 55
13× 160 (125) 11.5 (8.8) 85 40
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limits the achievable master-cross-sections to ellipses with 
a major axis ratios of 1.2. The necessary exposure times 
reduced with increasing optical reduction, as in theory the 
irradiance increases with the negative square of the optical 
reduction (Kwon and Ju 2018). Optical reductions above 13× 
have found to be impractical due to low imaging distances 
between objective lens and substrate. Additionally, at higher 
optical reductions distance C has to be increased (see Fig. 1) 
and therefore the aperture of the imaging optics decreases, 
resulting in a reduction of the achievable optical resolution. 
It also becomes increasingly complicated to find the optimal 
focus for the image.

Figure 9 shows the influence of the exposure time on the 
resulting grid structure. The subimages in Fig. 9 were taken at 
the approximate positions of the blue squares in Fig. 8 (subim-
age 2) for exposure times between 30 and 55 s at 10× optical 
reduction. In general, the exposure time needs to be adjusted 
for any chosen optical reduction and photoresist thickness. We 
experienced that the addition of a thin glass plate on the photo-
mask increases the necessary exposure time due to increased 
light absorption by 20%. As displayed in Fig. 9, low exposure 
times lead to channel walls with reduced steepness. Especially 
in the case of 35 s exposure (Fig. 9, subimage A), the thin grid 
structure develops a trapezoid shape. Due to the limited resolu-
tion of the used transparency photomasks the channel edges 
are exposed to less radiation, which effects the resolution of 
the master. This effect is increased, especially for thin struc-
tures, in our case at the thin grid structure (vertical channels in 
Fig. 9). The width of the channel edges decreased from 15 μm 
at 35 s exposure time to ∼ 4 μm at 55 s exposure time.

Figure 10 shows the center and off-center cross sections 
marked in Fig. 8 for 7.5× , 10× , and 13× optical reduction. 
At 7.5× optical reduction, the photoresist structure is more 
rough, indicating the influence of imperfections onto the 
photomask, This might be due to the print quality, but also 
because of enclosed air bubbles in the acetate film of the used 
overhead transparencies as pointed out by Love et al. (2001). 
The channel ledges are ∼ 6 μm thick, while the edges onto 
the photomask are about 40 μm thick. This indicates that the 
mask resolution is also reduced proportionally to the chosen 
optical reduction. The radius at the crossing of the vertical 
and horizontal channel was also measured from the images 
and is 10 μm.

The channel widths itself are on average 58 and 32 μm 
for the large and small grid respectively. This is about 20 % 
smaller than the theoretical channel width calculated from the 
optical reduction and the channel width on the photomask. At 
10× optical reduction the channel edges are ∼ 4 μm wide and 
there average width is 55 and 28 μm , respectively. This cor-
responds to a maximum deviation of ± 10% to the theoretical 
channel width. For an optical reduction of 13× , the deviations 
of the channel width increased slightly to ∓10% , while the 
edge width increased significantly to 10�m . At the off-center 
positions the imaging quality generally gets worse because of 
optical aberrations. The channels tend to have more rounded 
edges. The deviations from the theoretical channel, however 
do not exceed ±20% in width for the small grid structures.

Fig. 9  Variation of exposure 
time for 10× optical reduction. 
A (30 s) B (40 s) C (50 s) D 
(55 s)

Fig. 10  Detailed images of center- and off-center cross sections 
marked in Fig. 8 for different optical reductions
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4  Conclusion

The present study investigates the applicability of a pro-
jection system with optical reduction for the production of 
microfluidic channels via SU8 based soft lithography. The 
method, performing at several optical reduction ratios, is 
able to produce SU8 masters. The achievable accuracy suf-
ficient for structures down to approximately 30 μm chan-
nel width is mainly limited by the quality of the printed 
photomasks, as well as increasing optical aberrations and 
decreasing depth of field for higher optical reduction ratios. 
However these limitations do not play a critical role in a 
wide range of microfluidic applications. The authors think 
that the presented setup could enable researches to rapidly 
prototype microfluidic geometries without the necessity of 
high resolution photomasks.
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