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Abstract: 
 
 The application of science and engineering to create artwork results in pieces 
that delight and amuse viewers from all three fields.  It shows scientists and engineers 
the creative possibilities of equipment and techniques that are normally used for 
research.  It showcases to non-engineers the power of current technologies as artistic 
media, as well as the creative power of current engineers.  Most of all, it proves that art, 
engineering and science are not as divergent fields as initially assumed. 

Our projects deal specifically with techniques used in microfluidics research.  We 
created our projects using photolithography and micro-scale channels.  The first project 
is a series of coins that shrink a map of New York City down to the size of a dime, thus 
literally illustrating the common saying “New York on a Dime.”  The second project uses 
microfluidic channels to draw out the two hands of M.C. Escherʼs Drawing Hands. 
Escherʼs lithograph presents an optical illusion of two hands drawing each other.  Using 
channels, we create a similar illusion, where the fluid of one hand appears to be the fluid 
source for the other hand.  Ultimately, our projects serve as examples of a new genre of 
art that exposes the aesthetic and artistic possibilities of laboratory technology. 
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1  Introduction 
 

The application of engineering to art is not a new concept.  Scientific photography 
and scientific illustration are both established fields that focus on visually describing the 
world investigated by scientists.  These images are both data-driven—made to 
communicate information about their subjects—as well as aesthetically composed 
works of art.  One classic example is Albertus Sebaʼs Cabinet of Natural Curiosities 
which is a giant volume composed of hand-drawn ink illustrations of natural specimens, 
from flowers to fish to fowl (see Figure 1) [1].   

 

 
Figure 1: Image from Albertus Sebaʼs Cabinet of Natural Curiosities 

 
In fact, most researchers are required to photograph their results.  Whether these 

are interpreted as purely scientific data or works of art is up to the viewer. In visualizing 
two-fluid flow through a diamond-shaped convergent-divergent slit microchannel (Figure 
2), Cubaud and Mason simultaneously created a visual map of fluid flow of various 
properties as well as semi-abstract works of art [2].   

However, it is very rare that research techniques are directly applied to the 
creation of art.  We aim to do precisely this by using photolithography and micro-fluidic 
channels to create our works.  Photolithography is a process of using ultraviolet light to 
remove selected portions of a thin layer of photoresist.  This creates a spatial 
topography on the surface based on the amount of exposure to ultraviolet light which 
allows for very fine resolution.  The result is essentially micro-scale bas relief sculpture.  
We used SU-8 2050 and SU-8 2150 photoresist, which allows for creating features as 
small 0.25 μm to 0.1 μm [3].  For this project, we used a 10 μm (or 20,000 dpi) 
resolution.  Next, by casting PDMS off the SU-8 resist, we created microfluidic 
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chambers and channels of finely controlled geometry [4].  This technique allowed us to 
“draw” with fluid flow by using channels as lines.   

 
Figure 2:  Map of two-fluid flow through fluids of varying properties.  Images were named after 
aquatic animals with similar features. 
 
 
 
1.1 New York on a Dime 

 
The first piece is an exercise in miniaturization, that is, it uses scale to 

communicate.  The work, titled New York on a Dime (Figure 3), takes the common 
saying “New York on a dime” literally by creating a scale model of New York Cityʼs 
blocks on a dime-sized coin.  Using the naked eye, the viewer can only see the shape of 
Manhattan Island.  However, by using a microscope at 20X, viewers can discern 
individual streets and blocks.  Numerous images are also hidden around the map with 
their associated locations (Figure 4), such as a symbol of the Columbia University crown 
located on Columbiaʼs main campus.  Inspired by the works of photographer Chris 
Jordan [5], this piece puts the viewer in the role of investigator: as the image is 
investigated more deeply, more information is revealed.   

To create this work, we used SU-8 photoresist to carve blocks at one elevation 
and streets at a lower elevation. More specifically, it is a miniaturization of Manhattan 
Island that maps a circular area of New York City, which is 22km diameter centered on 
Manhattan Island, down to a circular area of diameter 1.8 cm, that of a dime.  Using this 
scale the city streets, which are the smallest features, will be 10 μm wide.  
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Figure 3: Concept diagram for New York on a Dime 
 

A  B  C  D   
 

E   F   G   
 

Figure 4: Hidden features in New York on a Dime. (A) Columbia Crown at Columbia Universityʼs 
main campus.  (B) Bone at the Museum of Natural History.  (C) Paint palette at the Metropolitan 
Museum of Art.  (D) Polar bear at Central Park.  (E) Shopping bag in the shopping district, 34th 
Street and Broadway.  (F) Broken heart at Ground Zero.  (G) Battery in Battery Park. 
 
 
 
 



 8 

 
1. 2 Drawing Hands 
 

Similar in spirit to Tannerʼs microfluidic landscapes, the second piece uses ink-
filled channels to create an image [6].  This project recreates M.C. Escherʼs Drawing 
Hands (Figure 5) by using two microfluidic channels as lines.  As a dyed fluid fills the 
channels, the lines are literally “drawn.” Each hand will be composed of a single 
channel.  The channels end at the pencil point, so that as the channel fills and the 
hands are drawn, each hand turns out to be drawing the other.   While ink on paper is 
static, this work is dynamic since the fluid continuously flows during the drawing 
process.  As the channels are filled and refilled, the drawing is erased and redrawn.  
Also, the presence of bubbles in the flow heightens the dynamic nature of the drawing.   
 

 
  
Figure 5: Drawing Hands by M.C. Escher, Lithograph, 1948 
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2  Theory of fluid flow through channels 
 
 Since the Drawing Hands project relies on the flow of ink through small channels, 
it is important to calculate the pressure drop across the two channels to determine 
optimal channel geometry.  The equation for calculating pressure drop through a 
channel with circular cross section is: 
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Where ρ  is the fluid density, Q is the volume flow rate, D is the diameter of the channel 
cross section, L is the total length of the channel, λ  is the friction coefficient and ∑ξ  is 
the sum of minor loss coefficients, which account for losses due to turns and 
obstructions (such as valves) in the fluid flow.   
 For this particular project, we chose each channel to be 0.3 m long with a height 
of 40 μm and a width of 100 μm.  Using a Matlab program, we calculated the required 
pressure drop for this geometry to be less than 1 bar.  This small pressure drop is easily 
implemented, which makes the chosen channel geometry appropriate for the project. 
 
 
 
 
3  Manufacturing and setup 
 
3.1 Manufacturing methods for New York on a Dime 
  
 All four coins were produced using photolithography.  To make the mask required 
for photolithography, the image was first hand drawn using Adobe Illustrator, based on a 
map of Manhattan from Google Maps, and then sent to be printed at 20,000 dpi by 
company called CAD/Art.  For variety, four variants of coins where drawn and each 
image was printed in both polarities (Figure 6). 
 Next, four different manufacturing methods were tested to see which produced 
the most realistic and aesthetically pleasing coin products.  First was SU-8 2050 resist 
on silicon wafer, which is a commonly used substrate in the lab.  Here, the photoresist 
remains on the silicon wafer to form map features.  Next we used SU-8 2050 resist on 
aluminum, since aluminum matches the silver color of real dimes.  Again, the resist 
remains on the coin to form the features.  To enhance appearance, we then tried 
etching the aluminum to create the features.  Finally, to make the coins feel heavier and 
thus more realistic, we plated copper with aluminum and etched away the aluminum to 
create the features.  After using photolithography techniques to create the micro-scale 
features, we used a micro-milling machine to cut the coins out of the metal substrates.  
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Since silicon wafers are too brittle for machining, these coins were not cut from the 
substrate. 
 A thorough protocol for each of these manufacturing methods is available in 
Appendix A.   
 

 
 
Figure 6: Photolithography masks used for New York City on a Dime.  Actual masks are reversed 
for correct final orientation. 
 
3.2 Procedure and setup for Drawing Hands 
 

The channels used to create the hands image were made by casting a thermo-
setting elastomer called PDMS (polydimethylsiloxane) from a mold produced using 
photolithography.  First the mask was drawn with Adobe Illustrator by tracing the original 
Drawing Hands lithograph by M.C. Escher using two continuous vectors.  The mask was 
then sent to be printed by CAD/Art at 20,000 dpi (Figure 7).  Next, a mold was created 
using photolithography on a glass substrate and finally PDMS was cast from this mold 
to create the chip (see Appendix B for a protocol of the casting process).   
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Figure 7: Drawing Hands mask 
 
 After the cast was created, the channels were sealed using tape.  Next the layer 
of PDMS and tape were sandwiched between two glass plates and secured using 
clamps (see Figure 8).  Blood-collection needles were then inserted into each of the 
submerged tubes.  The two inlet needles were connected to syringes filled with 40g/L 
methylene blue and the outlet needlesʼ ends were placed in a small beaker to collect ink 
after it has traveled through the channels (see Figure 9).  Finally, the syringes were 
hand-pumped and the flow through the channels, i.e. the drawing process, was 
recorded at 5 fps using a Pixelink PL-A776 camera with a Toyo Optics TV 12.5-75mm 
zoom lens. 

 
 
Figure 8: Cross section of clamped micro-fluidic chip  
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Figure 9: Setup of micro-fluidic chip with ink syringes at inlet and beaker at outlet 

 
4  Cost analysis 
 
Table 1: Cost analysis for four methods of coin fabrication 
 

Method Manufacturing 
Cost 

Materials 
Cost Total Cost Time required 

To manufacture 
SU-8 on Si wafer 

 $6.00 $4.00 $10.00 65 min 

SU-8 on Al 
 $6.00 $3.50 $9.50 90 min 

Etched Al 
 $7.00 $2.00 $9.00 80 min 

Etched Al on Cu 
 $37.00 $2.00 $39.00 140 min 

 
The manufacturing cost was performed using the regular hourly rates for the 

CEPSR clean room equipment (see Appendix B.1).  The material cost includes the cost 
of the substrate, photoresist, developer, and aluminum etchant (see Appendix B.2).  
This table shows the cost for making four coins, since the coins are arranged in sets of 
four on the mask.   The total cost does not include the price of the masks. 
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An estimated total of $500.00 has been spent on research and development for 
the New York City coins project, which includes the cost of all uses of clean room 
equipment, all materials and the cost of the masks.   An estimated $100.00 has been 
spent on the Drawing Hands project (see Section 3) which brings the total cost of these 
art projects to $600.00 
 
 
 
 
5  Results and discussion 
 
5.1 New York City on a Dime 
 

Figures 10, 11, 12 and 13 show views of Manhattan features under 10X 
magnification for the SU-8 on silicon, SU-8 on aluminum, and positive end negative 
etched aluminum manufacturing methods, respectively.  Due to prolonged etching, the 
features for the etched aluminum on copper had dissolved and are thus not pictured.   
 

 
 

Figure 10: 60 μm thick SU-8 on silicon wafer viewed at 10X 
 



 14 

 
 

Figure 11: 40 μm thick SU-8 on aluminum plate viewed at 10X 
 

 
 

Figure 12: 1 μm etched aluminum with positive image viewed at 10X 
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Figure 13: 1 um etched aluminum with negative image viewed at 10X 
 
   

Using SU-8 on silicon produced the lowest resolution, as seen by the blotchy 
appearance of the features in Figure 10.  Also, it produced large amounts of droplet-
shaped residue.  Finally, a 60 μm thick layer of SU-8 is too thick, since the structures 
tended to bend and stick to one another at the dense portions.  For SU-8 on aluminum, 
we used a 40 μm thick layer of SU-8, which reduced the issue of breakage (Figure 11).  
However, there are still small trails of residue at the edges of the features.  Also, viewed 
with the microscope, the SU-8 failed to provide enough contrast with the aluminum 
surface. 

Etching aluminum produced the sharpest boundaries between he features with 
minimal residual, unwanted features.  The contrast between polished aluminum and 
rough etched aluminum also provided a clear contrast, somewhat similar in appearance 
to etched glass (Figure 14).  However, using the positive image requires the street 
features to be raised, which are structurally weaker than the larger block features.  As a 
result, as seen in Figure 12, many of the streets were dissolved away.  The negative 
etched aluminum method produced sharp edges while maintaining all the blocks and 
streets.  It also produced the most uniform finish and kept more of the polished 
aluminum surface in the image (Figure 13).  Thus, etching aluminum with the negative 
image produced the most complete and aesthetically pleasing translation of features 
from the mask onto the substrate.   
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A       B  
 
Figure 14: (A) Positive and (B) negative versions of etched aluminum image at 1X 
 
 
 

A   B  
 
Figure 15: (A) Positive and (B) negative faces of etched aluminum coins, milled from plate 
 
 Since etching aluminum was the best method for producing features, more coins 
were made with this method to test methods for cutting coins from the substrate.  The 
coins used the positive image on one side of the plate and the negative image on the 
other side.  The coins were cut from the plate substrate using a micro-milling machine 
(Figure 15).  Instead of having another image of the coin, the reverse side of the coin 
could also be milled to have a geometric pattern.  However, this method proved 
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unfeasible since the coins could not be secured to the base of the milling machine, once 
they were cut from the substrate. 
 
5.2 Drawing Hands 
 

The “drawing process” takes approximately 1 minute to complete (see Figure 16).  
During a previous trial, a syringe pump was used to ensure uniform volume flow rate.  
However, the channels were not perfectly symmetrical so symmetrical flow could not be 
attained using the pump.  Manually pumping the fluid proved to be the best technique 
since pressure could instantly be adjusted so that one line can “catch up” with the other 
line if one channel begins to fill more quickly than the other. 

Originally only glass slides and clamps were used to seal the channels.  
However, this resulted in massive leakage from the channels.  This resulted in the 
decision to use tape in addition to a clamp to seal the channels, which proved to be 
secure enough to prevent the channels from leaking.  Also, using clamps instead of 
permanent sealing proved to be a good idea, as the chip could be quickly disassembled 
and rinsed out for repeated trials. 

 While the fluid flowed through the entire channel for the bottom hand, there was 
a cross between two channels in the top hand, which caused a large portion of the top 
hand drawing to be skipped.   
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Figure 16: Stills from video of Drawing Hands chip taken at every 7 seconds. 
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6  Suggestions for future improvements 
 
6.1 Mass manufacturing New York City on a Dime  
  

The goal of this piece was to produce a coin that mimics a real dime, in size, and 
produces simultaneously a miniature map of New York City.  Figure 17 provides a side-
by-side comparison of the two projects.  While the size of the New York coin accurately 
reflects the size of a real dime, the appearance is still quite different.  Ideally, the 
aluminum would be etched further than 1 micron to produce a visible topography.  
However, due to the small feature-size, this would cause the smallest features to be 
etched away.  One way to enhance the appearance would be simply to protect the 
surface during the production process so that there are fewer large scratches on the 
surface.  Also, it may be possible to use extremely fine sandpaper to further polish the 
surfaces, thus providing greater contrast between the polished and etched surfaces. 
 In terms of cutting the coins from the substrate, milling successfully completes 
this task but leaves a very rough finish.  One solution to this problem would be to cut the 
coins to be slightly larger than a dime and then hand sand or polish the edges to 
produce the desired finish.  

 
 
Figure 17: Size comparison with real dime 
 

Finally, it would be interesting to experiment with other images on the back of the 
coin.  One option is to use the Columbia SEAS crown (Figure 18.A).  Another option 
would be to use a revised version of a real dime to incorporate the New York on a Dime 
theme (Figure 18.B). 
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A      B  
 
Figure 18: Designs for back of coins.  Columbia engineering crown logo (A) and revised version 
of dime back (B) 
 
6.2 Improvements for Drawing Hands 

 
The Drawing Hands chip is very close to perfect; the only issue is the two  crossed 
channels in the upper hand.  During the master making process, the master was 
developed for a bit too long, which resulted in a weak bond between the SU-8 and the 
glass slide.  This resulted in shifts in the features, which may have led to the crossed 
channel.  In the future, a more solid master needs to be made, which will resulted in 
clear channels.  This should solve the issue of the skipped portion of the top hand. 
 In a future drawing, it would be meaningful to make the inlet of one hand drawing 
very close to the outlet of the other hand drawing so that as the hands complete 
drawing, the fluid appears to be flowing in a large loop.  This furthers the idea that one 
hand draws the other, if fluid circulates between the two such that the outlet of one hand 
is the inlet of the other. 

 
6.3 Suggestions for future projects and methods 
 
6.3.1 Muddʼs Smallest Formula Sheet 

 
Formula sheets are near and dear to any student that has spent substantial time 

in Mudd.  In this project, a formula sheet will be shrunk down to the micron scale so that 
all the equations a mechanical engineer needs to know will fit onto a rectangular slide 
the size of a credit card—Muddʼs tiniest formula sheet.  Formulas will be culled from 
each major topic in engineering: mathematics, general physics, fluid mechanics, the 
strength of materials, thermodynamics and heat transfer.  An image is currently 
underway for this project, which shrinks 10 pages of formulas onto a rectangle the size 
of a credit card. 
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6.3.2 Segmented Flow Disk 
 

This project uses a spiral-shaped channel to create geometric patterns (see 
Figure 19).  The channel will be filled with either bubbles or fluid based on a pattern 
such as the rhythm of a song.  The resulting pattern is thus a physical visualization of 
the song.  Using this same disk channel, a binary system can be set up where low 
density (a bubble) represents logic low and high density (the fluid) represents logic high.  
Thus, the channel can also be used as a binary marquee.  This idea was inspired by the 
idea of Bubble Logic, which uses bubbles flowing through channels to model basic logic 
functions such as AND, OR, and NOT [7].  
 

 
 
Figure 19: Diagram of segmented flow disc 
 
 
6.3.3 Photographic Reduction 
 
 One of the most difficult aspects of using photolithography to create artwork is 
creating a mask.  Since the mask must be printed by a third party that only accepts files 
in certain formats, there is very little flexibility in creating the image and much 
information is lost during the translation process.  A new way to make masks is to use 
photographic negatives, which naturally shrink down an image.  This allows users to 
take photographs of any image, regardless of complexity, and simply develop the film to 
create a negative, i.e. a photolithography mask.  This method has already been proven 
successful in creating features down to 20 microns in size [8].  Also, the ability to make 
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gradients (since photographs are not simply black and white) may lead to creating 
sloped and curved topographies. 
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9 APPENDIX 
 
A. Manufacturing methods for New York on a Dime 
 
 All processes involving photolithography and etching were performed in the 
CEPSR clean room due to the use of hazard chemicals.  The protocol for 
photolithography were developed according to the datasheet for SU-8 2050 (negative 
resist) from Microchem [9] and S1818 (positive resist) from Microposit [10].   
 
A.1 SU-8 2050 on silicon wafer 
  

1. Spin coating of SU-8 2050  
To create a coat of 40 microns, spin coat SU-8 photoresist with a spinner 
(CEE Brewer 100 Resist Spinner, 0 - 6000 rpm) at 500rpm for 10 seconds 
with acceleration of 100 rpm/s followed by spinning at 4000 rpm for 30 
second with an acceleration of 300 rpm/s.    
 

2. Soft bake 
Bake the wafer with resist at 65°C for 3 minutes followed by another bake at 
95°C for 6 minutes 
 

3. Exposure 
Place the mask over the coated slide and secure this using the mask aligner 
(Karl Suss MJB3 Mask Aligner) and expose both to UV light for 40 seconds at 
6 (mJ/cm2)/s-1. 
 

4. Post exposure bake 
Bake the exposed wafer at 65°C for 1 minute and 95°C for 5 minutes. 
 

5. Development 
Air-cool the baked wafer for 5 minutes and then submerge it in a Petri dish of 
SU-8 developer for about 5 minutes to remove the unexposed resist.  Clean 
with isopropyl alcohol to test for remaining unexposed resist. 

 
A.2 SU-8 2050 on aluminum 

 
Use the same protocol as SU-8 on silicon wafer except expose for 60 seconds 
due to the difference in surface properties between aluminum and silicon. 
 
Machine the aluminum using the Minitech minitech milling machine to cut the 
coin shapes from the aluminum plate. 

 
A.3 Etched aluminum 
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1. Spin coating of S18-18  
To create a coat of 1 micron, spin coat the photoresist at 500rpm for 10 
seconds with acceleration of 100 rpm/s followed by spinning at 4000 rpm for 
30 second with an acceleration of 300 rpm/s.    
 

2. Soft bake 
Bake the aluminum plate with resist at 115°C for 5 minutes  
 

3. Repeat steps 1-2 on the reverse side of the plate. 
 

4. Exposure 
Place the mask over both sides of the plate and secure with tape.  Using the 
mask aligner, expose both sides to UV light for 60 seconds at 6 (mJ/cm2)/s-1. 
 

5. Development 
Submerge the aluminum slide it in a Petri dish of SU-8 developer for 
approximately 3 minutes to remove the exposed resist.  
 

6. Etching 
Submerge the aluminum in aluminum etchant for approximately 10 minutes to 
etch the aluminum 1 micron deep. 
 

7. Cleaning 
Remove the remaining resist from the plate using acetone. 
 

8. Machining 
Machine the aluminum using the Minitech minitech milling machine to cut the 
coin shapes from the aluminum plate. 

 
A.4 Etched aluminum over copper 
 

1. Plate copper with aluminum 
Use the e-beam thermal evaporator to cover the copper plate with a 1 micron 
layer of aluminum. 
 

2. Repeat steps 1 through 8 of the etched aluminum protocol. 
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 B. Protocol for creating PDMS mold 
 

1. Making the master mold 
Create a master using SU-8 2050 on a glass substrate by repeating steps 1 
through 5 of Appendix A.1 (SU-8 on silicon wafer).   In step 2, expose for 60 
seconds instead of 40 seconds.   
   

2. Creating the tray 
Fold aluminum around the glass master to make a shallow tray 
 

3. Preparing PDMS 
Mix 10 parts of elastomer base and 1 part catalyst in a plastic cup.  Stir 
thoroughly and degas in a vacuum for 30 minutes to remove bubbles. 
 

4. Pouring the mold 
Pour the degassed PDMS mixture over the glass master.  Tie two ends of a 
segment of rubber tubing to create submersible channels.  Submerge one tube 
over each channel opening in the mold.  Heat the entire setup on a hot plate at 
65°C to facilitate curing of the PDMS. 
 

5. Cutting the Channels 
After the PDMS has cured, cut off the excess PDMS and foil with a razor leaving 
only the glass master and the layer of PDMS over the master.  Peel this layer off.  
Use a hole punch to punch small holes to connect the ends of the micro-channels 
with the submerged tubes.  Cut the PDMS layer so that the other ends of the 
tubes are cut through.   
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C. Materials and equipment cost for New York on a Dime 
 
Table 2: CEPSR clean room equipment hourly rates 
 
Machine Regular hourly rate Minimum time allowed 
Spinner $12.00 0.25 hours 
Mask Aligner $12.00 0.25 hours 
E-beam Thermal 
Evaporator 

$15.00 2 hours 

 
Table 3: Materials cost 
 
Material Cost for entire item Estimated cost per use 
Polished Al plate $20.00 per ft2 $0.50 
Polished Cu plate $60.00 per ft2 $1.50 
SU-8 2050 photoresist $460.00 for 500 mL $2.00 
SU-8 Developer $120.00 for 4 L $1.00 
S18-18 photoresist N/A N/A 
Az 300-MIF Developer N/A N/A 
 


