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Abstract 
Hypothesis: Waxy hydrocarbons diffuse freely in polydimethylsiloxane (PDMS), and this capability can be 
leveraged to generate inexpensive surface micropatterns that modify adhesion and wetting. 
 
Experiments: Patterns are created by placing a waxy Parafilm sheet on the back of a PDMS stamp 
containing microscale surface features. When heated, the paraffin liquefies and diffuses through the 
stamp, creating a thin liquid layer on the micropatterned stamp surface; when placed in contact with a 
target surface, the layer solidifies and is retained on the target when the stamp is removed. Micropatterns 
were generated on different materials and surface topographies; pattern geometry was evaluated using 
optical profilometry and changes in wetting were evaluated using contact angle goniometry. Diffusion of 
paraffin through PDMS was evaluated using XPS. 
 
Findings: Wax micropatterns have submicron lateral resolution and thickness ranging from 85-380 nm 
depending on contact time.  By using XPS analysis to track paraffin diffusion within the PDMS stamp during 
this process, we estimate the diffusion coefficient to be 5.3 x 10-7 cm2/s at 65°C. This means that the 
paraffin layer at the stamp surface replenishes in less than a second after stamping, so it can be used 
multiple times without re-inking to deposit complex, multi-layer paraffin patterns.  
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Introduction 

Waxy hydrocarbons are an important class of materials that offer hydrophobic character, semi-solid feel, 
and biocompatibility. Hence, paraffinic waxes are found in a host of daily-use applications, from candles 
and artistic sculptures to cheese coatings and children’s crayons. Moreover, paraffin wax is an inexpensive 
material that is widely available to researchers. Hence, using wax as a material for hydrophobic 
micropatterning may offer a simple and easily accessible route to tune surface properties for a broad 
range of advanced applications, from patterning cells to controlling wetting and adhesion. 
 
To create hydrophobic micropatterns, several approaches currently exist. Topographical modification of 
the primary surface itself can be done by plasma exposure [1, 2] or etching [3, 4] to selectively change 
local surface roughness. Additive approaches can also be used to create micropatterns by selective 
deposition of a secondary material onto the primary surface using a variety of methods, with microcontact 
printing being the most widely used. In microcontact printing, various materials have been selectively 
added to a surface to create distinctive hydrophobic and hydrophilic regions, including self-assembled 
monolayers (SAMS) [5, 6], biomolecules [7], and polymers [8]. However, these methods typically require 
pre-modification of the target surface before deposition and/or the use of expensive chemicals or 
solvents, which is typically undesirable. Using a material that does not require pre-modification can offer 
a route for higher throughput. 
 
By contrast, paraffin wax is low-cost and widely available, can be deposited onto a variety of surfaces 
without prior chemical modification, and the patterns can be easily removed and reprinted indefinitely. 
The moderate melting temperature (42-80°C [9]) of paraffin wax also makes it compatible with a wide 
range of fabrication techniques. For example, Carlen et al. [10, 11] deposited a 3-10 µm thick paraffin film 
using thermal evaporation and patterned it using reactive ion etching (RIE). 2-10 µm thick films have also 
been deposited using spin-coating and patterned using lift-off [12], wet etching, or dry etching [13]. While 
these methods are capable of micrometer-scale resolution, they require access to advanced and 
expensive equipment or use of harsh chemicals. Moreover, the patterns are relatively thick (in the range 
of micrometers). Another patterning method is paraffin inkjet printing, broadly used in paper microfluidics 
[14] and more recently in hydrophobic patterning of glass and plastic surfaces [15]. This method can 
generate patterns quickly—making it useful for prototyping—however it also requires access to 
specialized equipment and is best suited for lower resolution (~30 μm) patterns. 
 
On the other hand, microcontact printing has been a common method for patterning surfaces because it 
is a relatively easy process. In conventional microcontact printing, a structured, polydimethylsiloxane 
(PDMS) stamp is first prepared through photolithographic methods. The structured side of the stamp is 
then put it into contact the desired ink, transferring the ink to the top of the stamp structures. The stamp 
is then brought into contact with the target surface, printing the ink. However, re-inking is typically 
required to create multiple patterns, and there is little to no control over the thickness of the deposited 
layer. Moreover, it can be challenging to create thin patterns of waxy, highly viscous materials. For 
example, Kuo et al. [16] used dip-coating of a PDMS stamp to transfer molten paraffin wax patterns onto 
glass and aluminum surfaces, but with thicknesses of close to 5 microns. Hence, a simple process that 
enables repeat printing without re-inking, combined with the ability to tune sub-micron pattern 
thicknesses, would be beneficial.   
 
In this work, we present an easy and accessible stamping method that can be used to deposit hydrophobic 
paraffin wax patterns with sub-100 nm thickness on a variety of surfaces. This method relies first on the 
diffusion of paraffin into a PDMS stamp, followed by a contact-printing process (Fig. 1a). The wax-infused 



stamp serves both as the patterning mechanism and as a reservoir for the paraffin, which allows for reuse 
without re-inking; once a stamp is prepared, it can be stored in a heated environment virtually indefinitely 
and used to generate a pattern in only a few seconds.  Master molds for PDMS stamps are fabricated using 
a commercially-available 3D printer, which avoids the need for a cleanroom environment. Wax-infused 
patterning of paraffin enables high resolution hydrophobic patterns on multiple substrate materials, on 
flat or curved surfaces, and it can even be used to generate complex multi-layer patterns on the same 
surface (Fig. 1 b, c). Unlike traditional microcontact printing, the thickness of our deposited paraffin layer 
is a function of the contact time and can be tuned to values between 80 nm and 350 nm. This allows the 
user to quickly and easily tune the pattern thickness without requiring additional equipment, such as a 
spincoater. Ultimately, the wax-infused PDMS stamping method offers a quick and reliable route to 
pattern hydrophobic surfaces with minimal infrastructural requirements, and is expected to be easily 
accessible to a wide range of researchers.  
 

 
Figure 1. a) Wax-infused patterning of paraffin. Scale bar = 1 mm; b) paraffin pattern on curved glass; c) optical 
profilometry scan of a multi-layer pattern created by stamping multiple times on glass. Scale bar = 1 mm. 

Methods and materials  
 
Stamp fabrication 
 
The master molds for the PDMS stamps were made using either 3D printing or photolithography. For 3D-
printed molds, a stereolithography-based 3D printer (Form 3, Formlabs) was used to print master molds. 
Following printing, the parts were thoroughly washed and sonicated in an isopropyl alcohol (IPA) bath 
(FormWash, Formlabs) for 10 min. The parts were then blow dried with compressed air to remove excess 
IPA and allowed to air dry at room temperature for 30 minutes. The parts were then placed in a UV oven 
(FormCure, Formlabs) for 30 min at 60 °C temperature. After curing, a thin layer of mold release (Ease 
Release® 200, Mann Release Technologies) was sprayed on the 3D printed parts to facilitate peeling of 
the PDMS after curing.  
 
For master molds made via soft lithography, one layer of SU-8 photoresist (SU-8 3050, MicroChem) was 
spincoated onto a clean silicon wafer (1500 rpm for 30 s), followed by a 1 min baking step on a hotplate 
at 65 °C, followed by a second spincoated layer of SU-8 (1000 rpm for 30 s)—resulting in a total thickness 
of 200 μm. Then the SU-8/silicon wafer was heated on a hotplate for 1 min at 65 °C, followed by 25 min 
at 95 °C. The wafer was then exposed to UV through a patterned photomask and then post-exposure 
baked on a hotplate for 1 min at 65 °C followed by 5 min at 95 °C. After cooling to room temperature, the 
uncross-linked SU-8 was removed by vigorously agitating the wafer for 5 min in SU-8 developer. The wafer 
was then rinsed in isopropyl alcohol (IPA 70% in water, Sigma-Aldrich) and dried with nitrogen gas. To 



create a hydrophobic surface, the wafer was exposed to trichloro(1H,1H,2H,2H-perfluorooctyl)silane 
(Sigma-Aldrich) under vacuum for 40 min. Acrylic sheets (McMaster-Carr) were laser-cut and clamped to 
the silicon wafers in order to form sidewalls for the molds.  
 
The PDMS stamps were made by mixing polydimethylsiloxane base and curing agent (Sylgard 184, Dow 
Corning) in a 10:1 ratio and degassing under vacuum for 1 h. The degassed PDMS mixture was poured into 
either a 3D printed or SU-8 master mold and placed in a 65°C oven for 2 h. The molds were then removed 
from the oven; after the assembly cooled to room temperature, the cured PDMS stamp was peeled from 
the mold.  
  
Wax-infused stamping 
 
For wax-infused stamping, a layer of Parafilm was placed on a glass slide, and then the PDMS stamp was 
placed on top, with the back of the stamp—the surface opposite the patterned surface—in contact with 
the paraffin (Fig 1a). The assembly was then placed in a 65°C oven for 24 h to saturate the PDMS with 
paraffin. To transfer the wax pattern to a target surface, the stamp was removed from the oven and the 
patterned surface of the PDMS was placed against the target substrate for 5 seconds at room 
temperature. When using the saturated stamp for multiple consecutive patterns, the stamp was reheated 
in the 65°C oven for approximately 3 min after each stamping step. Resulting patterns were measured 
using 3D optical profilometry (Profilm 3, Filmetrics). 
 
 
Paraffin diffusion characterization 
 
Blocks of unpatterned PDMS (8 mm x 4.5 mm x 1.5 mm) were cast using methods similar to that in the 
Stamp Fabrication section. A layer of Parafilm was placed on a glass slide in a 65°C oven for 10 min. Then, 
the PDMS blocks were placed on top of molten paraffin for either 20 minutes to capture transient diffusion 
of the paraffin into the PDMS, or for 96 h to create fully paraffinated PDMS. After the incubation time, the 
blocks were removed from the oven and allowed to cool to room temperature. X-ray Photoelectron 
Spectroscopy (XPS) (K-Alpha, Thermo Scientific) was used to trace atomic percentages of silicon, oxygen 
and carbon on the side surface of the PDMS cubes. Additionally, a plain PDMS block was analyzed to 
capture the PDMS XPS signal without paraffin. 
 
 
Results and Discussion 
 
Pattern formation, transparency, and stability 
 
Our wax-infused patterning method relies on the fact that liquid paraffin can freely diffuse into a solid 
PDMS structure. This makes it possible to saturate a PDMS stamp with paraffin and use the same stamp 
numerous times without re-inking. Saturating the PDMS with paraffin is performed by placing a PDMS 
stamp with a Parafilm backing in a 65°C oven—just above the melting temperature of the paraffin wax. 
The molten paraffin diffuses into the PDMS stamp, and it reaches the outer boundaries of the stamp and 
wets those interfaces. When the stamp is removed from the oven and placed on a target substrate at 
room temperature, the outer molten paraffin layer temperature drops below the melting point and 
solidifies on the surface. When the stamp is removed, the solidified paraffin pattern is retained on the 
target substrate. Because the paraffin is sourced only through the stamp and there is minimal molten 
paraffin present at the stamping interface, there is no distortion or blurring of the transferred pattern. 



This results in high fidelity hydrophobic patterns on the substrate that are nearly optically transparent, as 
shown in Fig. S1. 
 
Due to the elasticity of the PDMS stamp, it can be bent to create conformal contact with non-flat surfaces, 
even when saturated with paraffin wax. To demonstrate this, we wrapped a 1.6 mm thick paraffin-
saturated stamp around a 27.4 mm diameter glass vial, as shown in Fig. 1b. The resulting pattern 
transferred without any observed defects, indicating good contact during the transfer process.  
 
Multi-layer paraffin patterns can also be achieved by consecutive patterning on the same target substrate. 
Because of the short contact time, this method can be applied multiple times on a single substrate without 
disrupting the previous pattern(s). Fig 1.c shows a multi-layer paraffin pattern created by two consecutive 
stamping steps, where the stamp was rotated by 90° between the first and second contact. This makes it 
possible to create complex paraffin geometries by layering sequential patterns of one or more PDMS 
stamps. 
 

 
Figure 2. a) 3D topography of paraffin patterns deposited using our wax-infused stamping method after 60 seconds 
of contact; b) thickness of deposited paraffin pattern thickness vs contact time; c) thickness of deposited paraffin for 
20 consecutive patterns using the same stamp (5 second contact time). 

The average thickness of the paraffin layer was 355 nm ± 9.6 nm (mean ± standard deviation), when the 
stamp and target surface were in contact for 60 seconds (Fig. 2a). By contrast, patterns created using 
microcontact printing for the same amount of time have been reported as being 4.5 µm thick [16]. The 
difference in pattern thickness between the two methods implies that there is a smaller paraffin volume 
present on the surface of the wax-infused stamp compared to the microcontact printing stamp during 
contact.  
 
The nature of the paraffin deposition makes it possible to adjust the paraffin thickness by changing the 
amount of time the stamp remained in contact with the target surface. As shown in Fig. 2b, the thickness 
of the deposited paraffin can be as thin as 84 nm ± 18 nm for 5 seconds of contact time and up to 355 nm 
± 9.6 nm for 60 seconds of contact. 5 seconds is the minimum practical time for manual stamping, but it 
may be possible to achieve thinner layers by reducing the contact time in a more controlled fashion. The 
ability to make controlled submicron thickness patterns could be useful in applications where very fine 
pattern resolution is required, and thicker layers would create fragile, high-aspect-ratio paraffin 
structures. Additionally, while solid paraffin is white in color and opaque, the submicron paraffin patterns 
here are transparent, which avoids any optical interference when imaging (Fig. S2). 
 
The geometry of the deposited paraffin patterns matches that of the original PDMS stamp with very high 
fidelity. This is significant because PDMS swells with absorption of many of the liquids to which it is 
permeable [17-19]; however, Dangla et al [20] reported no significant swelling of PDMS upon absorption 
of liquid paraffin, which allows the fully infused PDMS stamp in our method to remain close to its original 



geometry. To verify this, we imaged microscale features on the PDMS stamp optically before saturation 
with paraffin and compared it to the resulting pattern deposited using the same stamp (Fig. S1); the 
geometry of the two is virtually identical. In order to characterize this more precisely, we measured PDMS 
micropatterned surfaces using 3D optical profilometry before and after paraffin saturation and found that 
features increased from 79.4 ± 0.6 μm (unparaffinated) to 81.9 ± 0.7 μm (paraffinated), or an increase of 
∼ 3%. 
 
Using paraffin-saturated stamps also makes it possible to reuse the same stamp multiple times without 
needing to re-ink. We demonstrated this by repetitive stamping using a single PDMS stamp; the stamp 
was briefly reheated in between consecutive stamping steps (~3 min in a 65°C oven) and brought into 
contact with a fresh, untreated glass surface each time. The resulting patterns were measured and 
showed no significant variation in feature height (Fig. 2c) even after 20 consecutive stamping events, 
demonstrating that the PDMS stamp functioned as an adequate reservoir without noticeable depletion 
of the paraffin wax. 
 
To test the stability of the paraffin micropatterns in solutions relevant to biological studies, patterned 
surfaces were submerged in either cell culture media or 70% ethanol at 37°C for 4 days. Inspection of the 
patterns submerged in media showed no significant loss of pattern coverage during this time, although 
the surface roughness of the patterns increased (Fig. S3). The results of the media tests are significant, 
given that paraffin wax has been used in cell culture previously [15, 16]—so the ability of these patterns 
to withstand typical incubator conditions for several days supports its use in generating surfaces for 
selective cell adhesion and manipulation.  
 
However, when the same paraffin patterns were exposed to static culture in an 70% ethanol solution, 
they degraded significantly during the 96-hour timeframe. Because the ethanol is able to successfully 
break up the paraffin layer, this makes it an ideal candidate for intentional removal of paraffin patterns. 
By rinsing the substrate with 70% ethanol and wiping off the liquid with a KimWipe, patterns can be 
completely removed—leaving no trace on the substrate—and a new pattern can be deposited on the 
same spot (Fig. S4). The contact angle of water on the glass surface was measured before paraffin 
deposition, after patterning, and again after the pattern had been removed. The contact angle before 
paraffin deposition and after paraffin removal were 47.0° ± 3.7° and 45.5° ± 3.8°, respectively; thus 
patterns can be successfully changed multiple times in this way without any detectable residue. 
 
 
Quantifying paraffin diffusion into PDMS stamps 
 
Other researchers have used absorption of molten paraffin into PDMS to control PDMS transparency [21], 
small molecule and gas permeability [17], and surface energy [22]; but saturation was mostly achieved by 
submerging the PDMS in a liquid wax bath [21, 22]. This ensures absorption of paraffin into all PDMS 
surfaces, but a thick, non-uniform paraffin layer is formed around the block after removal from the bath. 
By contrast, our mechanism only places the original paraffin source into contact with the PDMS surface 
opposite of the patterned features. When the surrounding temperature is raised, the paraffin melts and 
follows a unidirectional diffusion path through the PDMS from the source side to the surface containing 
the micropatterned geometry.  
 
As the paraffin diffuses along this path, it alters both the optical transparency of the PDMS and the 
material’s carbon content, making it possible to track diffusion optically or by using XPS analysis. To 
measure this diffusion, we prepared a series of PDMS blocks with the same geometry (8 mm x 4.5 mm x 



1.5 mm) and incubated some of them in a 65°C oven with Parafilm on one surface for either 20 minutes 
or 96 hours. Other blocks were not exposed to any paraffin to provide a negative control. Brightfield 
images of the three sample types are shown in Fig. 3a, and demonstrate a clear gradient that forms after 
only 20 minutes of exposure to liquid paraffin. After 96 hours, the samples are uniformly opaque.  
 

 
Figure 3. Paraffin diffusion in PDMS. a) Schematic view (top), and microscopic images (bottom) of the paraffin 
diffusion in PDMS; scale bar = 200 µm. b) XPS measurements of carbon content as a function of distance from the 
paraffin source in PDMS after 20 minutes of diffusion compared to analytical solution of 1-D diffusion where D = 5.3e-
7 cm2/s. c) Estimated saturation time for given PDMS stamp thickness based on D = 5.3e-7 cm2/s. 

 
This data qualitatively follows what is expected in 1-D diffusion from an infinite source at constant 
concentration. To test this in a more quantitative manner, we measured the samples using XPS at a 
number of discrete points at specified intervals from the source boundary. The resulting carbon content 
measurements, shown in Fig. 3b, show a similar gradient trend that was observed in the optical inspection. 
If we model this diffusion as 1-D transient diffusion from a source that keeps the paraffin concentration 
just inside the PDMS surface at a constant concentration (𝐶𝐶0), the internal paraffin distribution (𝐶𝐶) as a 
function of time (𝑡𝑡) and distance from the source (𝑥𝑥) would follow the solution to Fick’s second law of 
diffusion under these conditions: 
 

𝐶𝐶(𝑥𝑥, 𝑡𝑡) = 𝐶𝐶0 ∙ erfc�𝑥𝑥 √4 ∙ 𝐷𝐷 ∙ 𝑡𝑡⁄ � 
 
By using a best-fit of our data to this curve, we estimate the diffusion coefficient of paraffin in PDMS as 
being 5.3 x 10-7 cm2/s. 
 
The predicted diffusion coefficient can be used as a basis to estimate the diffusion time to fully saturate 
the PDMS stamps for any given thickness (Fig. 3c). This makes it possible to estimate the time necessary 
for a PDMS stamp to be fully inked by paraffin. For example, for the 1.5 mm PDMS stamps used here, the 



required saturation time was ~5 hours. Once the stamp is ready, each stamping deposits ~84 nm layer of 
paraffin on the substrate. Based on the predicted values in Fig. 3c, the time required to replenish the 
stamp interface after each stamp is <<1s, which further validates the robustness of this method for rapid 
and consecutive patterning, as demonstrated experimentally in Fig. 2c.   
 
Potential applications for paraffin micropatterns 
 
The hydrophobic nature of paraffin patterns means that they can be used to confine small liquid droplets 
on a surface or to guide liquid motion. One of the most appealing applications for hydrophobic patterning 
is droplet isolation and manipulation in drug screening [23] and cell patterning [24, 25]. This is achieved 
by creating repetitive hydrophobic boundaries on a hydrophilic surface that can confine liquid droplets or 
cells to the hydrophilic regions. To illustrate this, we generated a 3D printed mold with circular features 
between 1 and 5 mm in diameter, cast a PDMS stamp from this mold, saturated the stamp with paraffin 
and used it to generate a paraffin pattern on an otherwise untreated glass surface. Paraffin formed the 
“background” of the pattern, leaving an array of hydrophilic circles on the glass. When aliquots of colored 
water with volumes ranging from 0.2 to 8 μL were pipetted onto this surface, the hydrophobic pattern 
successfully confined the droplets to the pre-patterned regions, as shown in Fig. 4a.  
 

 
Figure 4. (a,b) Liquid confinement using paraffin patterns: a) colored water volumes of 0.2, 1, 3, 5, and 8 μL confined 
by hydrophobic paraffin circles with respective diameters of 1, 2, 3, 4, and 5mm (top) vs 3D printed master mold 
(bottom), scale bar = 5 mm, b) confined water flow on patterned glass (bottom) vs untreated glass (top) , scale bar = 
5 mm. (c,d) Modified contact angle on paraffin patterned surfaces:  c) striped paraffin patterns on glass, polystyrene 
cell culture dish, and aluminum surfaces, scale bar = 200 μm, d) contact angle of water on unpatterned surfaces, 
surfaces with uniform paraffin coating, and surfaces with striped paraffin pattern. 

A similar method was used to guide liquid motion on a patterned surface. We created a 3D printed mold 
with a wavy-line feature to generate a wavy paraffin surface pattern on glass. Both the patterned glass 
and a clean glass slide were placed at an 80° angle and colored water was deposited at a rate of 200 



μL/min onto the upper region of the glass, as shown in Fig. 4b. On the plain glass surface, the water stream 
moves straight down the surface, as guided by gravity, and spreads out laterally as the liquid wets the 
hydrophilic surface. On the wavy patterned glass, the hydrophobic edges of the pattern create a surface 
energy barrier and force the water to remain confined to the paraffin-free regions and maintain a constant 
path width. These types of hydrophobic patterns can be used to guide liquid on macroscale surfaces [26, 
27] and can also be used for applications like wall-less microfluidics [24, 28, 29] where liquid flow needs 
to be guided on a specific track. 
 
Paraffin wax micropatterns can be applied to numerous different materials, and these patterns can be 
used to directly confine liquid as shown the previous experiments, or smaller features can be used to tune 
the apparent contact angle of the surface. We applied a pattern of 110 μm width lines to glass, aluminum, 
and polystyrene surfaces (Fig. 4c). Then we measured the contact angle of a 10 μL water droplet placed 
on untreated surfaces, surfaces with the 110 μm paraffin patterns, and surfaces that had been stamped 
with a uniform layer of paraffin. The results, shown in Fig. 4d, display a significant change in the water 
contact angle between plain and fully paraffin-coated substrates; the value for the fully paraffin coated 
surfaces is also uniform across materials, demonstrating that the deposited paraffin layer is sufficient to 
mask the effects of the underlying substrate on contact angle. 
 
On all three materials, the contact angle of water on surfaces with the striped paraffin pattern lies 
between the value for the bare material and the fully-paraffin coated material. The apparent contact angle 
(𝜃𝜃𝑐𝑐 ) for a surface containing an alternating pattern of two regions with unique measured contact angles 
(𝜃𝜃1 and 𝜃𝜃2 ) can be predicted using the Cassie-Baxter equation [30]: 
 

cos𝜃𝜃𝑐𝑐 = 𝑓𝑓(cos𝜃𝜃1 − cos𝜃𝜃2) + cos𝜃𝜃2  
 
Where 𝑓𝑓 is the fraction of the surface area covered by the region with contact angle 𝜃𝜃1 .  The paraffin 
stripes in the pattern used here had a width of 110 µm and a gap of 90 µm between them, resulting in a 
value of 𝑓𝑓 = 0.55 for all surfaces. As shown in Fig. 4d, the values for 𝜃𝜃1  were 66°, 57°, and 91° for glass, 
aluminum, and polystyrene respectively, and 𝜃𝜃2  was measured to be 104° for paraffin coating on all 
substrates. 𝜃𝜃1  values were measured on unpatterned regions of the same surfaces (glass, aluminum, and 
polystyrene) and 𝜃𝜃2   was measured on each of the surfaces by using a flat PDMS stamp to apply a uniform 
layer of paraffin to each sample surface. Using the above equation, the predicted contact angle on 
paraffin-patterned glass, aluminum, and polystyrene surfaces (87°, 88°, and 98° respectively) matches the 
measured contact angle (83±9°, 86±3°, and 94±7° respectively) rather well. Therefore, it is likely that 
this method can be used to generate a wide of range water contact angles on a surface by changing the 
dimensions on the paraffin patterns.  
 
 
Conclusions 
 
In this work, we demonstrate that paraffin-saturated PDMS micropatterned stamps can be used to 
generate high-fidelity paraffin surface patterns with controllable, sub-100 nm thickness. Our method is 
solvent-free and does not require pre-modification of the target surface, in contrast to many deposition-
based surface modification methods [31-34]. The ability to pattern without premodification makes this 
method compatible with a variety of target surfaces, including aluminum, glass, and polystyrene. Because 
the paraffin ink absorbs into PDMS, the stamp itself serves as an ink reservoir, such that the re-inking step 
in traditional microcontact printing is not required. Using XPS, we quantified the diffusion of paraffin wax 



into PDMS and estimate the mass diffusivity (D) to be approximately 5.3 x 10-7 cm2/s, which is similar to 
the only other class of well-known PDMS soluble inks, n-Alkanethiols (D = 4-7 x 10-7 cm2/s) [35].  
 
The thickness of the deposited layer can be modified from 85 nm to 380 nm by controlling the contact 
time. The ability to easily and accurately control layer thickness is unique to our deposition method 
compared to other microcontact printing methods. The ability to control contact-deposited polymer 
thickness has previously required complex multi-step processes, such as depositing a patterned seed layer 
and then thickening this layer with post-hoc graft polymerization steps [36], transfer-printing of a multi-
layer Langmuir film prepared using multiple inking steps [37], or modified hot-embossing of a polymer 
layer [38].  Even when saturated with paraffin, the PDMS stamps are flexible at both the macro- and 
microscale. This enables high-fidelity micropatterns to be stamped onto surfaces with macroscale 
curvature and to create unique, multi-layered patterns.  
 
From an applications point of view, the hydrophobic/hydrophilic patterning allows for control over the 
wettability of macroscopic surfaces, the size of single droplets on a surface, and the transport path of 
single drops. Moreover, the paraffin patterns are relatively stable in cell culture media, showing promise 
for biological patterning applications [15, 16]. The PDMS master mold can be generated using traditional 
photolithography processes if submicron resolution is required, or lower resolution molds (~25 µm) can 
be fabricated using standard 3D printing, which eliminates the need for a specialized cleanroom 
environment. The ease and versatility of our method makes it an attractive option for economical, rapid 
modification of surface energy and topography in a single process. Overall, we anticipate that the ease, 
versatility, and inexpensive nature of our process will make hydrophobic patterning more accessible to a 
wide range of researchers. 
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Supplementary Information 
 
 
Estimation of Diffusion Coefficient 
 
Diffusion in 1-D from an infinite source at constant concentration (𝐶𝐶0) follows the solution to Fick’s second 
law of diffusion: 

𝐶𝐶(𝑥𝑥, 𝑡𝑡) = 𝐶𝐶0 ∙ erfc�𝑥𝑥 √4 ∙ 𝐷𝐷 ∙ 𝑡𝑡⁄ � (1)  

Where 𝐶𝐶(𝑥𝑥, 𝑡𝑡) is the concentration at a given location (𝑥𝑥) and time (𝑡𝑡), and 𝐷𝐷 represents the diffusion 
coefficient. This equation assumes that the initial concentration at all values of 𝑥𝑥 is initially zero (i.e., 
𝐶𝐶(𝑥𝑥 , 0) = 0). To apply this equation to our XPS measurements, we must account for the fact that there is a 
nonzero background signal caused by the carbon content of the PDMS (𝐶𝐶𝐵𝐵):  
 

𝐶𝐶(𝑥𝑥 , 𝑡𝑡) = (𝐶𝐶0 + 𝐶𝐶𝐵𝐵)erfc�𝑥𝑥 √4 ∙ 𝐷𝐷 ∙ 𝑡𝑡⁄ � + 𝐶𝐶𝐵𝐵 (2)  

The value for 𝐶𝐶𝐵𝐵 was obtained by measuring an unparaffinated piece of PDMS (𝐶𝐶𝐵𝐵 = 46.3). The value for 
𝐶𝐶0 can be obtained by observing that as 𝑡𝑡 → ∞, 𝐶𝐶(𝑥𝑥 , 𝑡𝑡) ≈ 𝐶𝐶0 for all values of 𝑥𝑥. We incubated a PDMS 
piece with paraffin for 96 hours and then measured carbon content using XPS at multiple locations; the 
value was found to be essentially the same at all locations, confirming that we had incubated the PDMS + 
paraffin system long enough to assume uniformity and could use this value in our equations (𝐶𝐶0 = 89.2). 
The experimental data shown in Figure 3(b) was obtained after 20 minutes of incubation (𝑡𝑡 = 1200 s).  
For a given value of 𝐷𝐷, the accuracy of the fit between equation (2) and the experimental data can be 
calculated using the coefficient of determination (𝑅𝑅2). The 𝐷𝐷 value that produced the highest 𝑅𝑅2 value was 
𝐷𝐷 = 5.3e-7 cm2/s, with an 𝑅𝑅2 value of 0.874, thus we believe this to be a very good fit to our data. 
 
 
 
Estimation of Saturation Time 
 
A reasonable approximation of diffusion distance of a species as a function of time can be given by the 
equation 𝑥𝑥 = 2√𝐷𝐷𝐷𝐷. Using this, we can estimate the time required for a species to diffuse a given distance 
as:  

𝑡𝑡 = 𝑥𝑥2/(4𝐷𝐷) (3)  

This equation can be used as a rough estimate of how long it would take for paraffin to diffuse from one 
side of a PDMS stamp to the other: i.e., from the paraffin source surface to the patterning surface. This 
method, combined with the estimation of the diffusion coefficient was used to produce Figure 3(c). 
 
 
 
 

 
 
 

  



Supplementary Figures 
 
 
 

 
Figure S1. Optical images of PDMS stamp (left) and resulting patterned paraffin on glass (right). Dashed lines at 
paraffin boundary added to aid visualization. Scale bar = 50 μm. 

 
 
 
 
 
 
 

 
Figure S2. Transparency of paraffin layers. A layer of paraffin on glass was placed between the camera and printed 
image (a). Captured images of a printed shape through glass with a paraffin coating thickness of b) 180 μm, c) 84 
nm, and d) bare glass, scale bar = 1 mm. 

 



 
Figure S3. a) Optical (with blue false color added to highlight patterned areas) and b) profilometer images of 
submerged paraffin patterns in cell culture media and 70% ethanol after 96 hrs at 37°C, scale bar = 100 μm. 

 

 

 

 

 
Figure S4. (a) Schematic view of the cyclic patterning process, (b) profilometer images of first, second and third 
patterns deposited on the same surface, scale bar = 200 μm. 
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