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ABSTRACT Soft, slippery surfaces have gained increasing attention due to their wide range
of potential applications, for example in biomaterials, self-cleaning, anti-fouling, liquid
collection, and more. One approach to prepare a soft, slippery surface is by swelling a
crosslinked polymer network with a lubricant. However, an understanding of how swelling and
crosslinking relate to slippery properties is still underdeveloped for low modulus elastomers.
We study when a water drop sticks or slides on a vertical, silicone oil-swollen
polydimethylsiloxane (PDMS) elastomer as a function of the degree of crosslinking and the
degree of swelling. Our results indicate that the critical water drop volume required for sliding
is strongly controlled by the degree of swelling; higher swelling leads to lower critical drop
volumes. In addition, we demonstrate that highly swollen surfaces, and not lightly swollen

surfaces, recover their slippery behavior during an aging process after they are rinsed with



water. This is likely associated with regeneration of an oil-layer on the surface coming from

the bulk substrate, illustrating the durability of lubricant-swollen elastomers for practical uses.

Introduction

Water-repellent surfaces have attracted significant attention due to their diverse range of
applications, from self-cleaning to anti-fouling. One route to achieve water repellency is by
introducing small structures on a surface, which reduces the water-surface contact area by
forming air pockets under the drop. This is commonly known as the “lotus effect”, and has
been the foundation for developing superhydrophobic'? and superoleophobic surfaces.>”
However, the liquid-repellent properties rely on trapped air pockets, which can be impaled by
liquid due to high pressures.® One approach to overcome this challenge is by using lubricant-
infused porous substrates (SLIPS); these are usually micro- or nano-structured surfaces
infiltrated with a lubricant.””® When a water drop is placed on SLIPS, the infused lubricant
separates the water drop from the substrate to make a liquid-liquid interface, allowing water to
slide easily along the surface. By using appropriate lubricants,'®!! SLIPS can also be designed

to repel low surface tension liquids, including alkanes, alcohols and ketones.” To date, SLIPS
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have been developed for self-cleaning,'? anti-icing,!® anti-frosting,'* anti-biofouling,'®> and
preventing blood clotting.'® However, one of the ongoing challenges is related to lubricant loss
over time. Lubricant is typically held within the microstructured surface by capillary forces;
however, lubricant is pulled out by water drops. Hence, many situations can lead to lubricant-
depletion, including drops condensation,!” moving drops,!® gravitational drainage'® and

evaporation.'’



In an attempt to minimize lubricant-depletion, a crosslinked polymer network can be used to
hold the lubricant inside the substrate. In this case, the polymer network is infused with a
lubricant, creating a swollen elastomer. Lubricant-swollen elastomers can have excellent
liquid-repellent properties, which are generally afforded by a lubricant layer that persists on
the polymer surface.’’?? In contrast to traditional SLIPS, the lubricant layer on swollen
elastomers can display syneresis,?! > dramatically increasing the slippery function of the
surfaces. Aside from liquid repellency, soft substrates offer flexibility, stretchability, and
biocompatibility, making them potential candidates for applications in cell culture and

24726 5oft robotics,?’ and electronic skins.?®?° Although many lubricant-

biomedical devices,
swollen elastomers rely on a lubricant layer oil at the topmost surface to maintain the slippery
properties, recent studies suggest that swollen elastomers can also maintain slippery behavior
even when no lubricant layer is clearly observable on the surface.>*3! This is likely the result
of lubricant being pulled out from the polymer network at the contact line of a water drop or a
solid contact.’>> Although crosslinking effects have been considered for wetting of infused
elastomers, they are usually relatively stiff and swollen to saturation (equilibrium).?*36-38
Hence, it is not well known how the degree of crosslinking of the polymer network , together
with the swelling ratio, govern the ability for water drops to slide on low modulus, swollen
elastomers. Therefore, a systematic analysis that examines when water drops stick or slide on

lubricant-swollen, low modulus elastomers would be beneficial for developing water-repellent

soft coatings.



Here we investigate how the degree of crosslinking and the degree of swelling controls when
a drop is pinned or slides on a soft silicone elastomer. Our study focuses on softer materials
with dry shear moduli ranging from ~5 to 82 kPa (and swollen shear moduli ranging from ~1
to 27 kPa). With gravity as the driving force, we quantify the critical volume required for a
drop to slide on these surfaces when held vertically. Interestingly, for dry polymer networks,
the critical volume is nearly independent of the degree of crosslinking below a certain level.
For lubricant-infused elastomers, we find that the critical volumes are strongly dependent on
the degree of swelling and only moderately related to the crosslinking. By running through
several rinsing cycles, we find that highly swollen samples can recover and re-lubricate their
surface after a few days, while re-lubrication is not observed for intermediately swollen
surfaces. Our findings on water drop sliding and pinning aim to provide insight for designing

soft, water-repellent, swollen surfaces.

Results and discussion

Pinning/sliding on dry elastomers

Before investigating how a drop sticks on a swollen elastomer, we first study the pinning of
water drops on dry surfaces with different crosslinking. Here, dry elastomers are defined as
those without any uncrosslinked chains (which are also known as free chains or infused fluid
molecules). To control the degree of crosslinking, we prepare PDMS elastomers from Sylgard
184 with mixing ratios of 30:1, 40:1, 50:1 and 60:1 by weight of the base to crosslinking agent,
where 30:1 and 60:1 are the highest and lowest modulus materials, respectively. These as-

prepared samples contain uncrosslinked chains that are not connected to polymer network



during curing, where the amount of free chains is dependent on the base/crosslinker mixing
ratio; the amount of free chains is almost ~60% for the 60:1 ratio.** Consequences of

uncrosslinked chains in silicone elastomers have been investigated in the context of
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adhesion,>** osmocapillary phase-separation,®® surface tension*' and droplet dynamics.*?
These studies reveal how uncrosslinked chains can lead to significant macroscopic effects, such
altering drop sliding velocities’*® or modifying the contact line geometries.>* Hence,
uncrosslinked chains need to first be removed to exclude their effects and to better control our
material systems. To extract free chains from our as-prepared materials, the samples are
swollen in a good solvent to let free chains migrate out. Details of the process are described
elsewhere®” and in the methods section. Upon extracting free chains, the polymer surfaces are

considered as dry elastomers.

pipette

camera

dry/swollen
PDMS

Figure 1. A water drop is deposited on a vertical PDMS elastomer. (a) A schematic of
experimental setup. (b) An image of a water drop sticking to a surface and (c) of a water drop
sliding on the surface. Note that four images are overlaid in (c) to illustrate drop sliding. Scale

bars: 5 mm.



To study drop pinning, the samples are vertically placed in a chamber with a relative humidity
of 70% to 75%. Water drops of different volumes are then placed on the surface by micropipette,
and a side-view camera is used to record drop motion (Figure 1a). Drop-surface interactions
(related to adhesion) drive the drop to stick, while gravity (related to drop size) drives the drop
to slide. Hence, two main outcomes exist: A water drop can either slide (Movie 1) or stick
(Movie 2) on the surface (Figure 1b, ¢). We note that a third case can also be observed, where
the water drop initially slides slowly and then sticks on surface. One reason for this mixed case
may be that initial sliding occurs due to the kinetic energy introduced when the drop is placed;
once the kinetic energy is consumed by friction, the drop sticks on the surface. For simplicity,
we describe drop behaviors as either a sliding case or a sticking case, and recognize the third

case (sliding first followed by sticking) as the sticking state.
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Figure 2. Water drop sliding percentage on dry surfaces with base/crosslinker ratios of (a) 60:1
and 50:1, and (b) 40:1 and 30:1. The horizontal dashed line represents the sliding percentage
of 50%. The star shows the 50% point of our fit, which is taken as V. Each data point includes
at least 5 drops. (c) The critical volume V. as function of base/crosslinker ratio for dry samples.

The error bars denote standard error on x, of the Boltzmann fit.

For dry surfaces with different crosslinking, we plot the percentage of drops that slide as a



function of drop volume (Figure 2). This approach is used to present the data because we find
that even on the same samples, some drops of the same volume slide while others stick. For
example, each data point includes at least 5 drops at that particular volume. If 4 out of 5 drops
slide, this equates to an 80% sliding percentage (Movie 3). Hence, by plotting the percentage
of drops that slide, we incorporate both potential error as well as the sensitivity to how drop
volume controls drop sliding. As illustrated in Figure 2a and 2b for the four crosslinking ratios,
all drops stick (0%) below a certain volume while all drops slide (100%) above a certain volume,
with a transition region that exists in between. To quantify a critical volume (I}.), we define it

as when 50% of the deposited drops slide down the surface. Critical volumes are obtained by

A1—4A;

fitting the sliding percentage data with a Boltzmann function, y = PRy

+ A,, where the
50% threshold of y is obtained at the x, y point (x,, (A; + 43)/2). In our case, y represents
the sliding percentage and x represents the water volume, and A;and A, are set to 0% and
100%, respectively; after fitting, x, represents the critical volume. This 50% point is noted as
a star in Figure 2. As shown in Figure 2c, V; for 30:1 substrates (dry shear modulus
Gary~382 kPa) is around ~30.5 pL, while ;. for the 40:1 (Ggry~21 kPa), 50:1 (Ggry~12 kPa),
and 60:1 (Ggry~5 kPa) (Figure S1, Table 1) mixing ratios are around ~31.5 pL. It appears that
I 1s independent of crosslinking for the 40, 50, and 60:1 dry samples. The 40, 50, and 60:1
samples display a similar plot shape in the transition region, while the 30:1 substrates have a
steeper transition. This may suggest that the 30:1 substrates are sufficiently stiff, such that their
drop-surface behaviors are different than the softer mixing ratios. In addition, we initially

hypothesized that softer samples (e.g. 60:1) require a higher V; because they have larger

wetting ridges. A wetting ridge is an out-of-plane substrate deformation that occurs at the drop



periphery due to a balance of surface and elastic forces; the water drop surface tension drives
the ridge to form while elastic restoring force of the polymer network resists ridge formation.*>~
45 In general, softer substrates have a weaker elastic restoring force, leading to larger wetting
ridges that would hinder drop motion.*¢ In a previous study, we found that the wetting ridge
heights for a static water drop range from ~6.5 um for a 60:1 dry PDMS surface down to
~0.5 pm for a dry 30:1 surface.’> However, one possible reason that V. is not related to the
degree of crosslinking may be due to the introduction of the different modulus. If we consider
that a drop slides down a surface by moving a solid wetting ridge,*’**® then the wetting ridge

height and wetting ridge stiffness (i.e. modulus) both play a role. Since the wetting ridge height

is inversely proportional to modulus,*>* this may lead to similar V, on soft samples.

Sliding on swollen elastomers

We now turn our attention to water drop pinning/sliding on oil-infused (swollen) elastomers.
Trimethylsiloxy-terminated linear silicone oil (M,,: 770 g/mol) is implemented as our swelling
fluid. This oil is chosen because it has good affinity with the PDMS network, such that the
network can be highly swollen, and it is a non-volatile fluid, which allows the material to
remain stable over time. To characterize the amount of oil infused into each network, the degree
of swelling is quantified by weight and defined as Q = wg/wq4, where wy is the weight of the
dry sample and wy is the weight of the sample after swelling. We note that the modulus of
swollen elastomers depends on both the initial base/crosslinker mixing ratio as well as Q. For
all mixing ratios, the moduli decrease with increasing swelling (Figure S1).% Moreover, as the

base/crosslinker ratio is increased from 30:1 to 60:1, the saturated degrees of swelling (i.e.,



maximum swelling, Q,,.x) increase from Q. = 4.1 (30:1) to Qax = 13.1 (60:1) (Figure 3).
This is not surprising because an elastomer with less crosslinking (e.g. 60:1) can expand and
absorb more oil into the polymer network. For the following studies, we prepare samples that
are near their saturated swelling ratio, as well as one at an intermediate swelling ratio. The

shear moduli are presented in Table 1, which are consistent with prior measurements.*

Table 1: Swelling ratio (Q, by weight) and shear storage modulus for the four different mixing
ratios of Sylgard 184 used in this study.

60:1 50:1 40:1 30:1
Q G (kPa) Q G (kPa) Q G (kPa) Q G (kPa)
1.0(dry) | 5.1kPa | 1.0(dry) | 12kPa | 1.0(dry) | 21kPa | 1.0(dry) | 82kPa
3.4 2.5 kPa 7.0 4 kPa 3.1 10 kPa 32 27 kPa
13.1 | 09kPa 9.4 2 kPa 5.5 8.2 kPa 4.1 25 kPa

In the same approach used for dry elastomers, we measure V. on swollen substrates with the
four base/crosslinker mixing ratios at different Q. Since an oily layer at the surface can play a

role in drop wetting,2% 23

it is important have a consistent testing surface. In the literature, this
can be done by wiping the surface prior to placing drops;?!* however, for our very soft, and
sometimes sticky samples, it is challenging to wipe without damage. Therefore, all swollen
samples are rinsed with excess water to remove residual oil that may be on the surface, just
before drop pinning experiments. In general, we find that . decreases with increasing Q,
regardless of the degree of crosslinking (Figures 3a-3b). For example, I/, on the 30:1 samples
are ~31.5, 6.0, and 1.5 pL for Q = 1 (dry), 3.2 and Q,,x = 4.1 (saturated), respectively. This
demonstrates that surfaces become more slippery when more oil is swollen into the network.

For the 40, 50, and 60:1 samples, the same trend of decreasing V. with increasing Q is observed,

but with quantitatively different values (Figures 3c¢). In particular, we can compare the cases at



Qmax for the different mixing ratios; the V. are 1.5, 5.7, 6.1, 5.6 uL for the saturated 30:1, 40:1,
50:1 and 60:1 substrates, respectively. This implies that for saturated networks, V. is not
strongly correlated to crosslinking at a 40:1 mixing ratio and softer. In a consistent fashion to

the dry samples in Figure 2c, the 30:1 sample has a lower V.. than the 40, 50, and 60:1 samples.
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Figure 3. Water drop sliding percentage on surfaces with various degrees of swelling for (a)
60:1 and 50:1 samples and for (b) 40:1 and 30:1 samples. The horizontal dashed line represents
the sliding percentage of 50%. (c) The critical volume V. as a function of degree of swelling Q

for the 30:1, 40:1, 50:1 and 60:1 samples.

Calculation of critical drop volume

Water drop pinning on a vertical surface usually results from a competition between the drop
interaction with the substrate balanced by the gravitational force acting on the drop. For a water
drop with volume V, the gravitational force is:

Fg= pVg (D
where p is the density of water and g is the gravitational acceleration. Gravity drives the water
drop to slide while adhesion and capillarity pin the drop in place. The critical pinning force can
51,52

be calculated as:

F, = kyD(cosOg — cos 6,) (2)



where the k is a constant related to the shape of the drop, y is the water surface tension, D is
the contact diameter, and Og and 8, are the receding and advancing contact angles, respectively.
When a small drop sticks on the surface, gravity cannot overcome the pinning force
(i.e., F; < F,). As the volume of the drop is increased, it eventually reaches a critical volume VL,
at which point gravity is sufficiently high to overcome the pinning force. Theoretically, V.

occurs when F; = E,. Thus, V; can be approximated by combining Equations 1 and 2 as:

kyD(cosOg — cos 6
v, = yD( R A) 3)
pg

The contact diameter D varies with the drop volume, with larger drops having larger D. To
simplify the relationship between V and D, we assume the two factors follow the function:

V =aD? (4)
where a is a constant. By combining and rearranging Equations 3 and 4, a prediction for 1

becomes:

2
k Or — cosb
V= y(cos 1: c0s6,) )

aspg

Since the drop is not a spherical cap due to gravity, we use a as an empirical constant. To
determine a for our material systems, we test a range of drops with different V (1 pL ~40 pL)
when they stick on either dry or swollen surfaces and measure D. Figure 4 shows a plot of V
as a function of D3. The volume V follows a linear function with D3, consistent with Equation
4, regardless of the degrees of crosslinking and swelling; an a value of 0.17 is obtained by

fitting a line and taking the slope.
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Figure 4. Water volume V as a function of contact diameter cubed D3 on different elastomers.

The dashed line is a linear fit of all data points with a resulting slope of 0.17.

The advancing (8,4) and receding (6g) contact angles are measured by using an automatic
dispensing system. The dispensing system outputs and inputs water on the sample surface with
a constant inject/withdraw speed (0.05 uL/s). The advancing angles are taken as the apparent
contact angle when the contact line depins and expands during water injection, while the
receding angles are obtained when the water contact line depins and start moving backwards
during water withdrawal.’®>*>* Figure 5 shows plots of advancing and receding contact angles
on samples with different degrees of crosslinking and different Q. As suggested by Figure 3,
the surfaces are more slippery with higher Q; that is, 1 is smaller for surfaces with higher Q.
Hence, the contact angle hysteresis (CAH = 6,—0g), which offers information on drop-surface
adhesion, is also expected to be smaller for higher Q. This is confirmed in Figure 5, where the
smallest CAH for a given base/mixing ratio is observed at Qy,.x. The CAH increases with
decreasing Q, and are largest when samples are dry. Moreover, we point out that the 30:1

substrates (Figure 5a) display the smallest CAH at Q,,,x, While CAH for saturated 40:1, 50:1



and 60:1 are larger. This is consistent with the I results in Figure 3, suggesting that 30:1

samples have slightly different properties.

a B advancing Q b B advancing Q
B 1401 30:1 E r;]c;ding 80 3 3 1404 : 401 E r&c;ding -80 S_
i 5 -@- )
< 1201 o o = 1201 \ o
S ] m 60p < [ - L60 o
¢ 1004 o 3 ¢ 1007 S
= o > o o )
& 801 40 5 £ g .o r40 2
< \A <
B £ © [ 28
g 604 @ ® 202 & 607 R 20 ©
c ®© C o @ 8
8 401 ° 28 404 2.
‘ T ‘ ‘ 0 - T T T T T T 0 -
1 2 3 4 N o 1 2 3 4 5 6 7 D
egree of swelling, egree of swelling, )

deg f lling = deg f lling
C " W advancing Q d ' W advancing Q
140 . 501 O receding 80 g 1407.; 601 O receding 80 g
& L @ cAH o = n : @ cAH o
= 1201 o = 1204 s}
o n m 60 o Sy n - 60
g 100 | 3 g 100 ‘ 3
o 3 o T O , )
S 80 o Tz 5§ 8o .o o 40
- . 2 - ‘.___ 1 Eﬂ
é 601 e 208 é 60+ 9 20 2
o o 2] [e} 2]
5 4 ———————— 0 @ ° 40_? ———— 0 3
1.2 3 4 5 6 7 8 9 10 ‘Q 12345678 91011121314 EQ
degree of swelling, @ = degree of swelling, @ T

Figure 5. Advancing and receding contact angles, as well as the contact angle hysteresis of
water on (a) 30:1, (b) 40:1, (c) 50:1 and (d) 60:1 samples with different degrees of swelling

from dry to saturated.

To compare Equation 5 to our experiments, we calculate the critical volume V. by using
measured Oy and 84, a value of a = 0.17, and known values for p, g and y for water. This
leaves the parameter k, which depends on the geometry of the drop and can be difficult to
determine. In literature, k has been reported to be in a range of 0.5 to n/2 (1.57).% Since we
do not have a way to determine k, and because it is not yet consistent in literature, we assume

that 0.5 < k < g In Figure 6, the experimental data for V; is plotted alongside calculated



values from Equation 5 for k = 0.5 (red dashed line) and for k = 1.57 (black dashed line). Our

results are close to k = /2 but lie within these two regions, indicating that Equation 5 is

consistent with experimental V.. for our substrates, including both dry and swollen elastomers.
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Figure 6. Plots of the experimental data for I vs. Q (filled black data points) overlaid with

calculated values from Equation 5 for (a) 30:1, (b) 40:1, (¢) 50:1 and (d) 60:1 swollen

elastomers. The open black circles and dashed lines are the calculated from Equation 5 with k

= 0.5, and the open red circles and dashed lines for k = 1.57.

Rinsing, aging and re-lubrication

Maintaining slippery properties is a challenge for lubricant-infused surfaces,'*#%° because

lubricant can be depleted by rinsing. In this section, we investigate the rinsing, aging, and re-

lubrication behavior of our swollen samples. To rinse a surface, 500 mL of deionized water is



steadily poured onto the surface. During this rinsing cycle, extra oil on the surface is removed.
Afterwards, water drops are then deposited onto the surface to determine V.. Moreover, we
continue to measure V, for several days after rising to examine the effects of aging and re-
lubrication. For aging, samples are left in an ambient environment (closed petri dish) without
applying any external energy. This rinsing and aging process is conducted over multiple rinsing
cycles on the same surface, which allows us to investigate drop pinning/sliding before and after
rinsing. In Figure 7, we plot V. during such an experiment for a saturated 40:1 sample (Qax =
5.5). The original starting V. directly after rinsing is ~8 uL. However, over the course of a week
in an ambient environment, the V. decreases significantly. For example, V. decreases to ~5 pL
and 1 pL after 1 day and 7 days, respectively (Figure 7, first box). During aging, oil likely
leaches out from the network and lubricates the surface, which manifests itself by decreasing
V. This extra oil near the surface can be rinsed off with water in a second rinse cycle, reverting
I% close to its original value (~7 pL). Again over the course of several days, V. decreases. This
oil leaching behavior is consistent over at least 5 rinsing cycles (Figure 7), with only a small
change in the starting V.. The same slippery property recovery is observed with a highly-
swollen (Q = 7.0) 50:1 substrate, where Qy,.x = 9.4 (Figure S2). To consider if such behavior
is limited to Sylgard 184, we also test a PDMS elastomer prepared from Gelest starting
materials as a comparison (see methods). Since the starting materials are controlled, we know
there are no additional fillers, which may exist in the proprietary Sylgard 184 kit. Our Gelest
silicone has a saturated swelling ratio of Qy,,x = 4.5, which is between the 30:1 and 40:1
Sylgard 184. By measuring V, for a saturated Gelest elastomer, we observe the same slippery

property recovery after aging for 6 days (Figure S3). These results demonstrate that highly



swollen, low modulus PDMS elastomers have the ability to maintain slipperiness over time

and use, and is not limited to the Sylgard 184 kit.
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Figure 7. The critical water volume as a function of aging days for a swollen 40:1 (Q = 5.5)

elastomer. Each box represents one rinse and aging cycle using the same sample.

We hypothesize that an oil layer leaches out to the surface during aging, which is removed
during the rinsing process (Figure 8a). Prior literature has shown that oil replenishing can occur
at the surface of higher modulus, lubricant infused PDMS substrates.’*! To experimentally
test whether oil replenishes at the surface of softer, oil-infused materials, we place the PDMS
substrate in contact with a piece of standard printer paper for 10 s, and then remove it to see if
an oil stain remains. For a rinsed, highly swollen 40:1 sample, no oil stain is transferred to the
paper (Figure 8b-8c); this confirms that excess oil is removed during the rinsing process. After
7 days of aging, the substrate is again placed on the paper for 10 s. Upon removing the PDMS,
an oil stain remains, indicating there is an extra oil layer on the aged sample (Figure 8d -8e).
Although others have utilized an AFM technique to quantify oil layer thicknesses,?>®? it can be
challenging on very soft surfaces. Therefore, we use the oil stain test as an indirect route to

observe whether an oil layer exists on the surface.
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Figure 8. (a) A schematic of rinsing, aging, and re-lubricantion of highly swollen PDMS. (b-
e) Paper stain test with a highly swollen 40:1 (Q = 5.5) sample. (b-c) A water-rinsed sample
and (d-e) a sample aged for 7 days. No stain is left on the paper for water-rinsed samples (c),

while an oil stain if observed on the paper for the 7 day aged sample (e). Scale bars: 5 mm.

The fact that imbibed oil migrates to the surface can be explained by the different surface
tensions of the PDMS network compared with the low molecular weight silicone oil. The
surface tension of PDMS in air is in the range of ~20 to 24 mN/m, %% while the surface tension
of low molecular weight silicone oil is 19.7 mN/m (Gelest, Trimethylsiloxy-terminated, 5
cSt).%¢ Since the silicone oil has a lower surface tension, we expect it to migrate to surface to
cover the elastomer and lower the overall energy. However, once the surface is covered with a
thin layer of oil, the oil layer should not continue to increase in thickness, based on a surface
energy argument. Recently, Lavielle et al. suggested that further crosslinking of the PDMS
network can explain a continuously increasing layer of lubricant in oil-infused silicones.?
However, our as-prepared samples are first extracted, such that excess crosslinkers and excess
uncrosslinked free chains are removed. Hence, the only obvious source of further crosslinking

would come from unreacted dangling ends. Since these elastomers are highly swollen, such



that the network chains are expanded, it may not be as likely that these dangling ends are able

to react with each other to increase crosslinking; although, we cannot exclude it as a possibility.

Another possible reason for re-lubrication may be due to surface defects, leading to a “defects-
driven” mechanism for lubricant separation on the surface of a swollen elastomer. As drawn in
Figure 9, the surface of a swollen elastomer may not be perfectly smooth; microcavities may
exist on the surface. Inside cavities, a high capillary pressure arises from the high curvatures;
the capillary pressure can drive the imbibed oil to separate from the network and fill the cavities
through osmo-capillary phase separation.** Moreover, an open environment could allow small
dust or contaminate particles to land on the surface. These small particulates may also drive oil
out from the network through capillarity.*** Driven by small defects or particulates, lubricant
would gradually separate from the elastomer and accumulate on the surface. After several days,
an apparent lubricant layer would then appear. Overall, it is possible that both continued
crosslinking, as well as defect-driven oil separation, can aid in oil re-lubrication in highly

swollen surfaces.

dust-induced fluid separation
|

swollen PDMS

Figure 9. Schematic of a potential mechanism that drive the oil separates from the swollen

PDMS



Although oil layer formation is observed in highly swollen samples during aging, such behavior
is not observed for an intermediate or low swelling ratio. For example, we measured V. on a
40:1 sample with a swelling ratio of Q = 2.1 (maximum swelling is Q@ = 5.5, which is tested
in Figure 8). As illustrated in Figure 10a, the critical volume remains unchanged after leaving
it in an ambient environment for over 4 months (134 days) after rinsing. The same paper-
staining experiment shows that no oil-stain is transferred to the paper from this sample.
Recently, we proposed that strong affinity between the network and the oil can hold the oil
inside the network.’> When the PDMS network is only lightly swollen, the polymer network
pressure dominates; this means that oil will remain swollen inside the network, rather than
segregate to the interface. This idea is consistent with our findings in Figure 10, in which a

layer of oil is not observed during aging.

a 20 b 134 days aged
~ 40:1 (Q=2.1) e

= 18-
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Figure 10. (a) Critical water volume as a function of aging days for 40:1 (Q = 2.1) elastomers.

For the substrate aged for 134 days, (b) it is put into contact with paper for 10 s, and (c) no

stain is left on the paper. Scale bars: 5 mm.



Conclusions

In summary, we investigate the effects of the degree of crosslinking and the degree of swelling
on water drop pinning/sliding for soft PDMS elastomers swollen with silicone oil. Our
experiments reveal that the critical water drop volume required to slide on a swollen elastomer
is mainly controlled by the degree of swelling: Increasing the degree of swelling can
dramatically decrease the water drop pinning force. The degree of crosslinking does not
strongly affect the critical drop volume when the PDMS base/crosslinker ratio is 40:1 or larger.
Contact angle hysteresis decreases with increasing swelling, and is lowest when samples are
saturated. Low contact angle hysteresis implies lower adhesion and a more slippery surface.
Additionally, we show that highly swollen surfaces display a re-lubrication behavior after
rinsing the surface with excess water. Highly swollen samples self-lubricate by generating extra
oil on the surface over the course of days, leading to a decrease in the critical drop volume.
This oil regeneration at the surface is consistent over multiple rinsing cycles. However, when
the degree of swelling is lower, the oil leaching behavior does not occur; the oil remains inside
the network rather than segregating to the network-air interface. Overall, our study offers
insight into the slippery properties of oil-swollen, low modulus silicone elastomers. Our
findings on water drop pinning/sliding aims to inform the design the soft, water-repellent,

surfaces.



Methods

PDMS elastomer samples

Sylgard 184 PDMS elastomer preparation

Sylgard 184 elastomers are produced with as-prepared mixtures of 30:1, 40:1, 50:1 and 60:1
by weight of the Sylgard 184 base to curing agent. After mixing and degassing, the mixtures
are then poured into a 90 mm x 90 mm square diameter plastic Petri dish and cured in a 65°C
pre-heated oven for 48 hours. The as-prepared samples are cut with a razor to a 1 cm by 80 mm
size with thickness from 1 mm to 1.5 mm. To extract uncrosslinked free molecules from these
samples, the samples are immersed in a beaker of hexane for 1 week while exchanging solvent
every two days. Afterwards, the hexane-swollen sample is removed from the beaker and
allowed to dry at room temperature. Silicone oil (polydimethylsiloxane, trimethylsiloxy
terminated, My: 770 g/mol, Gelest) is added directly onto the extracted elastomers. The oil
spontaneously swells into the elastomers due to the high affinity between silicone oil and the
PDMS network. The swelling ratio is equal to weight of the swollen sample divided by dry
(extracted) sample, Q = wg/wy. The size of final test samples is in the range of 5 mm % 40 mm
to 20mm x 140 mm, due to the size changes that occur after the extraction and swelling process.
Since the sample volume is large relative to a potential oil layer, this will play a small role in
the calculation of Q. Hence, we assume @ remains constant throughout our experiments for a

given sample.

Gelest PDMS elastomer preparation

Gelest elastomers are produced by mixing hydride terminated polydimethylsiloxane (Gelest,



DMS-H25) with a chemical crosslinker (Gelest, VDT-5035) and a catalyst (Platinum(0)-1,3-
divinyl-1,1,3,3-tetramethyldisiloxane complex solution, Sigma-Aldrich). After mixing and
degassing, the mixture is poured into a 35 mm diameter plastic Petri dish and cured in a 65°C
pre-heated oven for 48 hours. The extraction and reswelling procedures are same as those for

Sylgard 184 sample preparation.

Video recording

Elastomer samples are placed on a vertical post, which is in a chamber with a relative humidity
of 70% to 75%. Micropipettes are used to place water drops on the vertical surfaces, and a side-
view camera (Chronos 1.4) is used to record drop motion. The video recording rate ranges from
0.2 to 100 fps, depended on the sliding speed of water drops. The recording time ranges from

5 mins to up 8 hours.

Oil stain test

A small block is cut from the PDMS samples for the oil stain tests. PDMS blocks are placed
on regular printing paper (Boise, Aspen 30). After being in contact for 10 s, the PDMS blocks
are removed from the paper surface. Top view images of the block and paper stain are obtained

with a Nikon D610B camera equipped with a Tamron Sp Af 90 mmF/2.8Di Macro Lens.

Advancing and receding contact angles
A goniometer with an automated water dispenser is used to measure the advancing and receding

contact angles on the PDMS elastomers. The injecting and withdrawing rate is 0.04 puL/s. The



goniometer pictures are analyzed with ImagelJ and using the Contact Angle Plugin to extract

macroscale contact angle data.

Modulus

A rheometer (TA Instruments Discovery HR-2) equipped with 8§ mm aluminum parallel plates
is used to measure the shear modulus of dry and swollen elastomers. The plates are scratched
to help with mitigating slip at the plate surfaces. The shear modulus of highly swollen samples
is tested to a strain of 1% at a frequency of 0.1 Hz and the dry and slightly swollen samples are
tested to a strain of 1% at a frequency of 0.01 Hz (Figure S1). The strains used were confirmed

to be in the linear region of a strain sweep up to 10%.*?
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