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ABSTRACT 
 
Thermoset rubbers with superhydrophobic surfaces 

would be beneficial for industrial applications such as 
electrical insulators [1,2] low-slope roof membranes [3,4], 
and seals [5] because their surfaces are self-cleaning and 
remain dry when exposed to weather.  However most 
superhydrophobic surfaces are expensive, fragile and are 
damaged by heavy rain or when submerged in water.  To 
address this need for improved materials, ARL Designs has 
developed a low-cost method for modifying commercially 
available elastomers during molding to make their surfaces 
superhydrophobic with durable properties.  

This paper outlines two methods for accelerated testing 
of the long-term quality of superhydrophobic surfaces that 
were designed to be robust under real-world conditions.  
Commercially available thermosetting elastomers, 
including silicones, a fluorinated co-polymer, nitrile and 
EPDM rubbers, were treated to render their surfaces 
superhydrophobic.  An accelerated rain erosion test was 
developed, which simulates natural rainfall, and was used 
to assess the relative durability of the surfaces as well as 
understand wear mechanisms. Immersion tests were 
conducted under 1 meter of standing water. A silicone and a 
fluorinated co-polymer  exhibit the most stable 
superhydrophobic properties that have yet been reported, 
withstanding the equivalent of 60 years of annual 
precipitation as well as over 20 days of immersion under 
one meter of water.    
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1 INTRODUCTION 

Silicone elastomers are especially well suited to shed 
water on high voltage terminations because of their 
hydrophobicity and stable electrical properties [1,2].  
However the reliability of silicone insulator components for 
high voltage applications is reduced in wet conditions 
compared to dry conditions. This is especially true for 
heavily polluted or marine environments where dirt 
accumulation on the silicone surfaces can create sites with 
high leakage currents, heating, flashovers and, eventually, 
failure.  A superhydrophobic self-cleaning surface would 
significantly improve performance in wet weather. 

Elastomers account for ~25% of the low-slope roof 
membrane market. Traditionally, these flexible membranes 

are made by calendaring EPDM rubber into sheets, curing, 
and then using an adhesive to bond overlapping sections 
together.   To reduce the solar heat loads trapped by these. 
dark membranes, white roofing with high albedo is required 
[3,4].  Over time, white roofing membranes become soiled, 
losing their reflectivity and effectiveness. A self-cleaning 
superhydrophobic surface would keep such roofing 
materials clean and reflective.   

Elastomers are also used as seals under long-term 
exposure to rain or immersion in water [5].  For such 
applications, a superhydrophobic elastomer surface would 
greatly reduce polymer-water contact, thereby significantly 
reducing the rate at which some elastomers degrade. 

Although commercial superhydrophobic coatings are 
available, their reliability has not been sufficient for long-
term applications outdoors.   These add-on coatings are too 
fragile, expensive or they easily transition from the 
superhydrophobic (Cassie) state to the wetted (Wenzel) 
state under heavy rain or when submerged under water.  
ARL Designs (ARLD) has developed a process that 
produces the most stable superhydrophobic surfaces that 
have yet been reported.  In this process nanoparticles are 
partially embedded into the elastomer, creating a 
mechanically and chemically robust surface that exhibits 
excellent self-cleaning properties.   
 

2 EXPERIMENTAL 
Sample preparation, materials and two durability tests – 

rain errosion and static immersion - are discussed. 

2.1 Materials 
Nanoparticles were added to commercially available 

elastomers during molding at temperatures and times 
recommended by the manufacturers.  A nanoparticle-
elastomer composite with hierarchical roughness is formed.   
The superhydrophobic nanocomposite is integral with the 
molded object and so is “built-in” to the surface during 
molding.  It is not applied or adhered afterwards.  
Elastomers from three suppliers, Parker-Hannifin, Dow-
Corning and Wacker Silicones were evaluated.  The three 
elastomers from Parker-Hannifin were: Vinylidene 
Fluoride-Hexafluoropropylene Copolymer Rubber (V4208-
90), Carboxylated Nitrile Rubber (N4257-85), and EPDM 
Rubber (E4259-80).  All were molded at 188oC for 7 mins 
at 400 psi (800 psi for nitrile). The copolymer was post-
cured at 230oC for 16 hrs. The Dow-Corning silicone, 
XIAMETER® RBC-1760-65, was molded at 171oC for 30 
mins at 50 psi.  The Wacker Silicone, a low-viscosity 
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liquid, was molded at 165oC for 15 mins. Disks measuring 
100 mm diameter and ~5 mm thick were prepared using a 
mold of the same size.  

2.2 Rain Erosion Test 
To assess the stability of the molded superhydrophobic 

elastomers for outdoor applications, a rain erosion test was 
developed. In the superhydrophobic literature, there are few 
published reports concerning rain resistance and immersion 
stability of materials.  Droplet impact studies have 
examined the effect of relatively large individual drops 
impacting at velocities well below those of rain [6,7].   No 
wear is expected under these conditions.  One report 
studied water droplets impacting superhydrophobic surfaces 
at very high velocities (25 m/sec), which are relevant to 
turbine blade testing [8]. Such surfaces [8] were observed 
to transition to the wetted (i.e. Wenzel) state within a few 
seconds. Maintaining superhydrophobicity under long-term 
exposure to natural rain (impact velocities of 1-6 m/sec) has 
not been published.  

The challenge with simulated rain erosion testing is to 
form droplet streams that induce accelerated ageing while 
using realistic conditions.  Unfortunately, the standards for 
rain exposure testing of materials are not well established.  
Droplet size and velocity is important to control; rain 
containing droplets that are too small or impact too slowly 
will not erode the surface sufficiently whereas large and/or 
high velocity droplets will induce erosion mechanisms not 
seen in nature.   

Naturally occurring rainfall consists of a broad 
distribution of droplet sizes and impact velocities.  Because 
of the inherently broad distributions, seasonal and 
geographical variability as well as measurement challenges, 
simple averages raindrop diameter and velocity are not 
easily calculated.  An average droplet diameter of 1.5 mm 
with an impact velocity of 5.3 m/sec has been reported [9] 
and these values are similar to other studies [10,11]. 
Approximately 90% of these droplets are < 2.1 mm.   

For this study, we used two different nozzles for rain 
erosion testing.  One nozzle is specified in the UL-50  
standard test [12]  The other nozzle (BETE  MP375NN), 
shown in Figure 1, provides a distribution of droplets with 
size, size distribution and velocity that closely approximate 
natural rainfall [13-15].  

To characterize the droplet streams, a high speed video 
camera (V7.3 Phantom, 6504 fps) was used with the 
appropriate illumination (Figure 2) to capture still images 
of droplets as shown in Figure 3.  Droplet diameters were 
calculated by measuring the number of pixels across the 
drop and comparing to the ruler within the same frame.  
Droplet velocities were calculated from the number of 
frames required for the droplet to translate a distance of 18 
mm.  Average droplet diameters and velocities (based on 
~800 measurements) generated by the two nozzles are 
shown in Table 1 and compared to a value for natural rain. 

According to our measurements, the size of droplets 
produced by the UL-50 nozzle are close to natural rain in 
size, but lower in velocity.  Although lower in energy than 

average rain, the nozzle is part of standard and readily 
available; thus a good source for comparisons.  The 
MP375NN nozzle from BETE, operated at 4 psi, was found 
to provide a droplet size and velocity distribution that 
overlaps well with the average diameter and velocity 
observed in nature and is comparable to the best rainfall 
simulators described in the literature[13], while being 
convenient to use in lab tests.   

	
	

Figure 1:  Rain test of a 
thermoset rubber using 

BETE nozzle. 

Figure 2:  High speed camera 
with backlight used to image 

droplets. 
 

 
Figure 3: Example frame used to measure size and 

velocity of simulated rain droplets. 
   

Table 1:  Droplets for Rain-Induced Erosion Test 
compared with Natural Rain [9-11]. 

Source 
Diameter 

(mm) 
velocity 

(m/s) 
Rate 

UL-50 at 5 psi 1.5 ± 0.5 3.0 ± 0.1 
124 

mm/min 

BETE at 4 psi 1.5 ± 0.9  5.2 ± 0.6 
200 

mm/min 

Natural rain[9] 1.5 5.3 
1300 

mm/yr 
 

The droplet size distribution for the BETE nozzle was 
calculated and the number average droplet diameter and 
velocity were 1.5±0.9 mm and 5.2±0.6 m/s respectively. 
The most frequently observed droplet diameter was 1.0 
mm.  The BETE nozzle provides significantly accelerated 
conditions as the precipitation rates are high while the 
droplet diameter and velocity are comparable to those found 
for natural rain.  At a precipitation rate of 200 mm/min 
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(7.75 inches/min), less than 7 minutes of exposure is 
required to approximate one year of rainfall in New York 
City (49.9 inches/year) [16]. 

2.3 Static Immersion Test 
Similar to rain erosion testing, few publications address 

the challenge of long-term immersion stability of 
superhydrophobic surfaces.  A common belief amongst 
researchers is that the plastron of a superhydrophobic 
surface is inherently unstable under water over long times 
as the trapped air is expected to dissolve into the bulk fluid.  
Our results clearly show that the plastron can be stabilized 
as our samples remain superhydrophobic for extended 
periods (weeks) of time. 

To assess the stability of the ARL Designs treated 
elastomers under water, a 1-meter immersion test 
conforming to IEC60529-IPX7-8 [17] was built using an 80 
gallon polyethylene tank; see Figure 4.  The persistence of 
the air layer trapped between the water and elastomer (i.e. 
plastron) was verified periodically by bringing the samples 
close to the surface so that the presence of the highly 
reflective liquid-air- interface could be visually observed.  
Care was taken to keep the samples submerged at all times 
so that the air in the plastron would not be replenished.  

 
Figure 4: Immersion of treated and untreated 

samples at depth of 1 meter under water. 

3 RESULTS 
Accelerated test results are discussed.  

3.1 Rain Erosion Test 
The static contact angles (CAs) and sliding angles (SAs) 

of water droplets on the surfaces were measured as a 
function of rain erosion test time.  After fabrication, the 
CAs of 5 µL water droplets on the Parker elastomers 
increased from 102o, 90o and 101o to 160o, 156o, and 155o 
for the copolymer, nitrile and EPDM respectively. The CA 
values remained stable throughout the rain erosion test. 

     The angle at which the sample must be tilted for a 
droplet to slide-off (SA) was also measured throughout the 
rain erosion test to quantify the stability of the 
superhydrophobic properties.   As shown in Figure 5, the 
SA values were ~2o for the as-prepared samples.  The ARL 
Designs treated Parker co-polymer elastomer proved to be 
exceptionally stable under rain erosion; the SA remained 
unchanged for the first 5 hours of test.  This is equivalent to 
approximately 30 years of rain.  The sample did not 

transition to the wetted state until 13 hours of test (~70 
years of rain accumulation). The Nitrile and EPDM from 
Parker exhibited stability, but were more sensitive to rain 
erosion compared to the copolymer as shown in Figure 5.   

 
Figure 5.  Sliding angle of treated Parker elastomers 
measured as a function of rain erosion exposure time 

using a UL-50 nozzle. 
 

Rain erosion testing was conducted on all ARLD treated 
elastomers with the BETE nozzle using the same procedure.  
Time to failure was determined when the impinging water 
droplets wetted the treated surface (i.e. a transition from the 
Cassie to Wenzel state was observed.).  A histogram of the 
superhydrophobic stability (measured as time to wetting 
and equivalent years of rain) is shown in Figure 6.  All 
samples remained superhydrophobic for over 1 hour of rain 
exposure (~10 years of NYC rain).  The fluorinated co-
polymer elastomer from Parker-Hannifin exhibits the 
greatest stability, enduring 7 hours or ~60 years of 
simulated rain exposure.  The Dow-Corning elastomer also 
performed well, enduring almost 6 hours (48 years) of rain 
erosion.   

 
Figure 6.  Stability of ARLD treated elastomers measured 

as a function of rain erosion exposure time using the BETE 
nozzle. One hour of testing is equivalent to 9.4 years of 

precipitation in New York City. 
 
3.2 Immersion Test 

The ability to maintain superhydrophobic properties 
while the molded elastomer is submerged underwater is 
important for maintaining a dry and clean surface.  The 
histogram in Figure 7 shows the plastron longevity for all 
five different treated samples under static water immersion.  
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All materials far surpassed the 0.5 hour IPX7-8 standard.  
The Dow silicone and Parker co-polymer elastomers 
performed extremely well; the plastron air layer on these 
samples was maintained for ~3 weeks under water.  

 
Figure 7:  Stability of the plastron (trapped air layer) on 

ARLD treated elastomers during continuous water 
immersion at a depth of 1 meter as measured by the number 
of days before transition from Cassie to Wenzel observed. 

This stability is superior to any other superhydrophobic 
material previously reported. The air layer in the plastron of 
these ARLD treated surfaces was preserved and so did not 
dissolve into the 80 gallons of water in which the samples 
were immersed. These results demonstrate that stable 
superhydrophobic properties can be achieved under water 
when the surface is prepared using a chemically stable 
hydrophobic polymer formed with a suitable nano-scale 
hierarchical surface roughness.     

4 CONCLUSIONS 
ARL Designs has developed a scalable process for 

creating superhydrophobic surfaces onto a wide variety of 
commercially available elastomers.  A nano-scale 
hierarchical roughness is built into the surface of the cross-
linked elastomer through the addition of nanoparticles 
during the molding process.  All of the treated elastomer 
surfaces exhibit excellent superhydrophobic properties, 
with contact angles > 155o and slip angles <5o.   

Moreover, the ARL Designs treated surfaces show 
excellent durability.  A rain erosion test was established 
where droplets comparable to natural rain (average 
diameter 1.5 ± 0.9 mm with velocity of 5.2 ± 0.6 m/sec) 
were impinged on the surface at a highly accelerated 
precipitation rate of 200 mm/min.   

 Elastomers that are both inherently hydrophobic and  
chemically stable exhibited the most durable super-
hydrophobic properties.  The vinylidene fluoride-
hexafluoropropylene copolymer from Parker and silicone 
from Dow-Corning exhibited the most stable properties, 
resisting rain erosion for 7 and 5.8 hours (equivalent to 60 
and 55 years of New York City rainfall) respectively and 
over 20 days immersed under 1 meter of standing water.  
To our knowledge, this level of stability exceeds the 

performance of all other superhydrophobic materials 
reported in the literature.   
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