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ABSTRACT 

Elastomers swollen with non-polar fluids show potential as anti-adhesive materials. We study the effect of 

oil fraction and contact time on the adhesion between swollen spherical probes of PDMS 

(polydimethylsiloxane) and flat glass surfaces. The PDMS probes are swollen with pre-determined amount 

of 10 cSt silicone oil to span the range where the PDMS is fluid free (via solvent extraction) up to the limit 

where it is oil saturated. Probe tack measurements show that adhesion decreases rapidly with an increase in 

oil fraction. The decrease in adhesion is attributed to excess oil present at the PDMS-air interface. Contact 

angle measurements and optical microscopy images support this observation. Adhesion also increases with 

contact time for a given oil fraction. The increase in adhesion with contact time can be interpreted through 

different competing mechanisms that depend on the oil fraction where the dominant mechanism changes 

from extracted to fully swollen PDMS. For partially swollen PDMS, we observe that adhesion initially 

increases because of viscoelastic relaxation and at long times increases because of contact aging. In contrast, 

adhesion between fully swollen PDMS and glass barely increases over time and is mainly due to capillary 

forces.  While the relaxation of PDMS in contact is well-described by a visco-poroelastic model, we do not 

see evidence that poroelastic relaxation of the PDMS contributes to an increase of adhesion with glass 

whether it is partially or fully swollen. 

† Electronic supplementary information (ESI) available: Sample preparation, Rheology, Comparison between 
rheology and swelling, modulus from PRI, Surface energy determination, protocol for adhesion, capillary bridge 
model for debonding from swollen PDMS.
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INTRODUCTION

Oil infused elastomers are crosslinked polymer networks that have undergone swelling by a nonpolar 

fluid. They have shown promise as low friction and anti-adhesive materials.1, 2 In particular, silicone 

elastomers such as PDMS (polydimethylsiloxane), swollen by linear silicone oils result in slippery materials 

due to the presence of excess oil on their surface. Silicone oil can be added to the network by immersing 

the elastomer in the oil after curing3, 4, be added during curing5, or be present as unreacted oligomers6. Oil 

infused elastomers have found applications toward anti-icing5, 7-13, or antifouling.4, 14-16. Moreover, the 

presence of fluid within elastomers has enabled their use as skin mimics17-22 or light responsive materials.20, 

23 To develop and optimize oil-infused elastomers for these technologies, a better understanding of how the 

presence of oil within the matrix alters their surface and adhesive properties is needed.

A large body of work on adhesion and surface properties of swollen elastomers is in the development 

of anti-icing surfaces. Ice adhesion (commonly measured in shear) decreases when oils are incorporated 

within the PDMS matrix, and the decrease is attributed to the presence of oil at the solid/air interface.5, 24 

Contact angle measurements using oil droplets shows that the area fraction of oil on swollen elastomers 

increases linearly with the amount of oil in the bulk up to complete coverage.5 For fully swollen PDMS, 

contact angle measurements show the surface to have a low contact angle hysteresis.3, 4, 9, 25, 26 Optical 

microscopy also confirms the presence of oil at the PDMS/air interface.3, 7, 8 Beyond ice adhesion, studies 

of adhesion to swollen (or partially swollen) PDMS are limited. In particular, the relationship between 

adhesive strength and oil fraction for contact with surfaces other than ice has yet to be investigated. 

The presence of oil within an elastomer matrix alters its surface and bulk properties, both determinant 

of adhesive strength. Oil within the bulk of the elastomer will also be present at the PDMS/air interface, 

altering the surface energy. In addition, even small amounts of oil present can significantly affect the 

wetting dynamics of a PDMS surface.26 Experiments also show that if the surface oil is physically removed, 

by wiping for example, it is quickly replenished due to the lower surface energy of the fluid compared to 

the elastomer.3, 4, 9 In addition, when the surface and bulk elastic stresses are comparable in an elastomer, 

elasto-capillarity also plays a significant role in determining the surface deformation and wetting of fluid-

infused elastomers.27-30 We expect surface energy, oil replenishment, and elasto-capillarity to be affected 

by the oil fraction and contribute to adhesion. 

Silicone oil within the matrix also alters the bulk mechanical response of an elastomer.3, 9 In the 

absence of  fluid, the viscoelastic portion of the stress response of PDMS is described using a generalized 

Maxwell model.31 When fluid is present in the bulk, elastomer relaxation is no longer solely a function of 

the elastomer network (viscoelasticity) but also depends on fluid transport through the pores – also known 
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as poroelasticity.31-36 The poroelastic response is typically described as a single exponential with  𝜏𝑃 = 𝑎2/𝐷

as the timescale for exponential decay where is a length-scale describing size of contact and  is the 𝑎 𝐷

effective diffusivity.33, 37 Models describing the dynamic stress response of fully swollen elastomers 

consider both viscoelasticity and poroelasticity – often describing the net response as the sum of the two.33, 

38, 39 In addition,  experiments have shown that upon deformation of the swollen elastomer, fluid from the 

bulk can get transferred to the interfacial region due to local stress gradients.27, 28, 30 The oil pushed to the 

interface creates a four phase contact zone at the periphery of an indenter where the volume of fluid pushed 

out depends on indentation depth and compressibility.30 How this dynamic relaxation processes affect 

adhesion for swollen PDMS remains to be investigated. Moreover, decoupling the relative contributions of 

interfacial effects (solid-solid contact, capillarity) from bulk contributions (poroelasticity and 

viscoelasticity) on adhesion to swollen elastomers could help expand and tune their properties for ice 

adhesion and other applications. 

The measurement of stress response and adhesion as a function of dwell time has been instrumental 

in understanding the dynamics of adhesion for extracted (dry) PDMS.40-42 Similarly, experiments with 

hydrogels suggest that multiple dynamic phenomena such as poroelasticity, viscoelasticity, and muco-

adhesion contribute to adhesive properties of fluid filled networks. For example, such experiments have 

been instrumental as models of fluid filled networks for understanding relaxation processes34, 35, 43, 44 and 

adhesion32, 45, 46 (and sometimes, the relationship between the two). Hydrogels generally contain more fluid 

in their network than elastomers, they routinely include  water. Due to the high water content, >  60 ― 90%

most hydrogel relaxation studies are conducted in submerged conditions.45-52 Peeling measurements have 

been done in air with hydrogels with high fluid content or in presence of another saturated surface.53 For 

hydrogels, poroelastic relaxation leads to an increase in adhesion for contact times that are longer than the 

poroelastic time scale (determined based on the effective diffusivity of water within the network and the 

contact radius). The increase in adhesion is attributed to a “suction” pressure that develops across the 

interface due to an osmotic pressure gradient.45, 46 Experiments with hydrogels also show that adhesion 

increases with contact time if the fluid can be transferred to the opposing surface, a mechanism known as 

muco-adhesion.46, 53 Curatolo et. al. conducted loop test experiments and found that muco-adhesion was 

also present in the contact between elastomers, where dynamic swelling of both surfaces lead to an increase 

in surface energy and adhesive strength.54 

Here, we characterize the normal interactions between a PDMS probe and a glass surface (Fig. 1). In 

addition to adhesion measurements, we also characterize the surface properties and bulk relaxation behavior 

of the elastomers. Specifically, we hypothesize that the fraction of the oil within the elastomer and contact 

time will both influence the adhesive properties of swollen elastomers. Because the silicone oils employed 
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are non-volatile (no fluid loss from evaporation), we can explore the regime where the network is swollen 

with oil in air. We observe a transition from solid-solid adhesion to capillary adhesion as the oil fraction 

increases. We also conduct in-situ relaxation followed by adhesion to measure adhesion at varying degrees 

of relaxation. We demonstrate the importance of viscoelasticity and solid-solid contact formation at the 

interface on adhesion for swollen elastomers. We will also see that poroelasticity is observed during 

relaxation of these elastomers, but it does not contribute to adhesion. 

Fig. 1. Schematic of set-up to study normal interactions between PDMS probes and glass surfaces. (a) 
Experimental configuration to measure adhesion, (b) Enlarged schematic of PDMS lens swollen in silicone oil used 
for adhesion measurements.

MATERIALS AND METHODS

Materials. We use SylgardTM 184, a two-part silicone elastomer kit, for the PDMS (Fisher Scientific). 

Silicone oil (polydimethylsiloxane, trimethylsiloxy terminated) of viscosity 10 cSt (Gelest) was used as 

received and sealed with Parafilm to prevent contamination. All the solvents, acids and bases used were 

ACS grade (Sigma Aldrich).

Preparation of PDMS probes and swelling with silicone oil. Hemispherical PDMS lenses are fabricated by 

first curing a flat, 4 mm thick PDMS sheet to serve as a base, followed by drop casting a drop on top of the 

cured PDMS sheet, followed by a second curing. For both steps a 10:1 mixture of Sylgard 184 (10-parts 

prepolymer, 1-part crosslinker) is mixed in a petri dish and degassed in a vacuum chamber to remove air-

bubbles. The mixture is then cured in the petri dish at 75 oC, 1 atm for ~16 hours. After curing, a 6 mm 

circle is punched out of the sheet to be used as the base of the hemispherical lens. Then, 40  of uncured 𝜇𝐿

PDMS mixture is drop cast onto the base.55 Pinning of the mixture at the edge of the base leads to a spherical 

cap that is then cured again. The samples are then soaked in n-hexane for a duration of 6 hours to extract 

unreacted oligomers remaining after the curing process. The percentage weight loss in the sample becomes 

constant after 5 hours of extraction.56 Following extraction, we remove the hexane from the elastomer by 
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soaking the samples in an ethanol bath for 20 minutes in a sonicator, followed by drying at 75oC, 1 atm 

overnight. The amount of oligomer extracted is  using our method, which is comparable 3.6 ± 0.1 𝑤𝑡%

with the  obtained by Glover et. al. after 24 h hexane extraction.57 The final samples are 4.5 ± 0.9%

hemispherical lenses with radius of curvatures of approximately 6 mm (Fig. S1, ESI†) and weight ~0.1 g.

We create swelling curves and by determining the oil fraction as a function time submerged for 10 

cSt silicone oil in PDMS. To do so, the PDMS lenses are soaked in 10 cSt silicone oil bath at room 

temperature for a set amount of time. Upon removal from the bath, we use pressurized nitrogen gas to 

remove excess oil from the surface. The samples are then weighed, and the time elapsed during the swelling 

process is recorded to obtain a swelling curve (Fig. S2, ESI†). We calculate the oil fraction  by measuring 𝜙

the initial and final mass of the swollen elastomer,  and , respectively as given by Eq. (1).𝑚𝑖 𝑚𝑓

𝜙 =
𝑚𝑓 ― 𝑚𝑖

𝑚𝑓

(1)

Because the density of the silicone oil and the elastomer are very similar (~935 kg/m3), the mass oil fraction 

 is nearly identical to the volume oil fraction ( . The lens takes approximately 4 days to be fully saturated 𝜙 Λ)

with oil, with a mass oil fraction of  and volume oil fraction 𝜙𝑠𝑎𝑡 = 0.40 ± 0.03 Λ𝑠𝑤𝑒𝑙𝑙 =
𝑉𝑠𝑎𝑡 ― 𝑉𝑑𝑟𝑦

𝑉𝑑𝑟𝑦

.  = 0.44 ± 0.01

 From the swelling curve, we can immerse PDMS lenses in silicone oil for preset amounts of time 

to achieve a predetermined oil fraction ranging from . After swelling, the lenses are glued on 0 < 𝜙 ≤ 0.4

top of a 9mm optical window (Edmund optics) using a thin layer(<5 μL) of uncured 10:1 Sylgard mixture. 

The lens-window system is placed on a hotplate at 150 C for ~15 s to solidify the thin layer of glue. Each °

lens-window pair is used only for one contact experiment and discarded afterwards. 

Glass substrate preparation. Glass microscope slides (46 mm x 27 mm, Ted Pella Inc) are sonicated first in 

ethanol, followed by isopropyl alcohol each for 20 minutes, and then cleaned with piranha solution (3:1, 

sulfuric acid: hydrogen peroxide) for 1 hr. The glass slides are then stored in deionized (DI) water and used 

within a day for adhesion measurements. Just prior to the measurements the slides are dried using 

pressurized nitrogen. The cleaned glass slides are hydrophilic in nature with a water contact angle 

.𝜃𝑤𝑎𝑡𝑒𝑟 𝑜𝑛 𝑔𝑙𝑎𝑠𝑠 < 10°

Rheology. Rheological measurements were performed on 1 mm thick discs of cured elastomer on an Anton 

Paar MCR 302 using an 8 mm parallel plate accessory. The measurements were conducted for different oil 

fractions. Frequency sweep (1 rad/s to 100 rad/s) measurements were carried out at 1% strain under a normal 

force of 10 N. Storage ( ) and loss ( ) moduli were recorded as a function of angular frequency  for 𝐺’ 𝐺’’ 𝜔

different oil fraction (see Fig. S3, ESI†).The storage modulus changes slightly: from  kPa to  586 ± 44 
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 kPa at ~1Hz, for different oil fraction. The loss modulus decreases sharply from  630 ± 67 𝑓~𝜔/2𝜋 58 ± 1

kPa to  kPa with increasing oil fraction. The storage modulus is about two orders of magnitude higher 5 ± 1

than the loss modulus and   for all oil fractions implying that the material is highly elastic. 𝐺′′/𝐺′ = tan 𝛿 ≪ 1

The shear modulus  changes only slightly from  kPa to kPa with 𝐺 = 𝐺′2 + 𝐺′′2 589 ± 43 630 ± 67 

increasing oil fraction. The Young’s modulus of dry PDMS, is   MPa (for (Poisson 𝐸 = 2𝐺(1 + 𝜈) 2.1 ± 0.3

ratio ), consistent with literature reports on mechanical properties of Sylgard 184.57-59 Additionally, 𝜈 ≈ 0.5

the equilibrium volume oil fraction obtained from swelling experiments,  is found to be Λ𝑠𝑤𝑒𝑙𝑙 = 0.4

comparable with predictions from Flory-Rehner theory ( ) for the fully-swollen elastomer60.Λ𝐹 ― 𝑅 = 0.42

Contact angle measurements and optical microscopy. Contact angles were obtained from sessile droplets 

using a goniometer (Dataphysics OCA, Fig. S4, ESI†). The surface energy was calculated from the two 

liquid method, using DI water and Diiodomethane with 5  drops on the PDMS substrate.61 Diiodomethane 𝜇𝐿

and DI water have very low solubility62, 63 in PDMS and are therefore used as ideal apolar and polar liquids, 

respectively, to measure the surface energy of PDMS.64 We also imaged the PDMS surface using an optical 

microscope in brightfield (NI instruments). 

Poroelastic Relaxation Indentation and probe tack measurements. Poroelastic relaxation indentation (PRI) 

measurements31 were carried out in a homebuilt multifunctional force microscope (MFM) with bottom view 

imaging (Fig. S5, ESI†).60, 65 The PDMS lens is mounted on a cantilever with spring constant . The 𝑘𝑠𝑝𝑟𝑖𝑛𝑔

lens is slowly lowered ( ) onto the glass surface while the approach is monitored using a side 𝑣 ~ 5 𝜇𝑚/𝑠

view camera. The motor is stopped as soon as Newton’s rings become visible in the bottom view image 

(Fig. S6, ESI†). At this point, the approach velocity is increased to 500  to induce step -𝑣 =  𝜇𝑚/𝑠

indentation and the cantilever is lowered by a set distance of . A fiber optic system measures Δ𝑀 = 50 𝜇𝑚

the spring deformation  and displays the spring force . The indentation 𝛿𝑠𝑝𝑟𝑖𝑛𝑔 𝐹 = 𝑘𝑠𝑝𝑟𝑖𝑛𝑔 × 𝛿𝑠𝑝𝑟𝑖𝑛𝑔~60 𝑚𝑁

depth during each experiment is calculated using  . 𝛿 = 𝛥𝑀 ― 𝛿𝑠𝑝𝑟𝑖𝑛𝑔 ≈ 35 𝜇𝑚

The two surfaces are kept in contact for varying dwell times . Although the 𝜏𝐷 = 10𝑠 ―  10800 𝑠

indentation depth slightly increases over time due to relaxation of the elastomer, it can be assumed to be 

constant since the change is negligible compared to the magnitude of indentation depth . After dwell, 
Δ𝛿
𝛿 ~1%

the cantilever is then retracted at  and the debonding force and contact area are recorded as 𝑣 = ―50 𝜇𝑚/𝑠

a function of time.

Probe-tack experiments are conducted in the sphere-plane geometry. The PDMS lens approaches 

the glass surface at  until it reaches a constant dwell force of 10 mN. The dwell force is 𝑣 = 50 𝜇𝑚/𝑠

maintained at 10 mN via force feedback control system for varying dwell time and the cantilever is retracted 

at . The approach velocity is lower during probe-tack to reach a stable set-point of dwell 𝑣 = ―50 𝜇𝑚/𝑠
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force within O (0.1s). The force and contact area are recorded over time. The experimental parameter for 

the PRI and probe tack measurements are given in Table 1. 

Table 1. Experimental parameters for probe-tack and PRI. 

Parameter Probe tack PRI
Spring constant 𝑘𝑠𝑝𝑟𝑖𝑛𝑔 4499 N/m 1091 N/m
Approach velocity 𝑣𝑎𝑝𝑝𝑟𝑜𝑎𝑐ℎ 50 m/sμ 500 m/sμ

Dwell condition Fixed load, 10 mN Fixed indentation 
depth, ~35 m𝛿 μ

Retraction 
velocity

𝑣𝑑𝑒𝑏𝑜𝑛𝑑 -50 m/sμ -50 m/sμ

Visco-poroelastic modeling of PRI data. The force vs time data spans four decades (10 s -104 s) in time and 

we sample points on a logarithmic scale. The data recorded during relaxation experiments is fitted to visco-

poroelastic model using non-linear least squares fitting.31 The Gauss-Newton method is implemented in 

Python 3 and a tolerance of  is set on the cost function. To ensure stable convergence, we also monitor 10 ―8

the values after each iteration. The goodness of the fit is determined for each fit by the standard error which 

is always less than .10%

RESULTS AND DISCUSSION

A. Characteristic elastomer timescales

We begin by identifying the characteristic relaxation timescales of the elastomer for different oil 

fractions. To do so, we conduct PRI measurements where we measure the force relaxation at (near) constant 

indentation depth of ~35  as a function of time for over ~  (Fig. 2). We compare the relaxation of 𝜇𝑚 104 𝑠

PDMS for three different oil fractions:  and  in air as well as  in oil. (Note that 𝜙 = 0, 0.1, 𝜙 = 0.4 𝜙 = 0.4

 corresponds to saturation). For all  investigated the final force reaches a comparable value at long 𝜙 = 0.4 𝜙

time, but the relaxation curves and initial forces exhibit distinct features. 

We describe the relaxation curves using a visco-poroelastic model Eq. (2) based on the Maxwell-

Wiechert model used previously by Chan et al.31 In this model there are two sequential mechanisms for the 

relaxation. First, a rapid viscoelastic relaxation of the elastomer network, characterized by the viscoelastic 

timescale ( ) and the dispersion factor ( ). Then, a poroelastic relaxation due to the transport of oil away 𝜏𝑣 𝛽

from the contact region within the elastomer described by its own characteristic timescale ( ). In Eq. (2), 𝜏𝑃

 is the force at .  and  are the force after viscoelastic and poroelastic relaxation, respectively, 𝐹0 𝑡 = 0  𝐹𝑉 𝐹𝑃

obtained by fitting Eq. (2) to the PRI data. 
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𝐹(𝑡) = (𝐹0 ― 𝐹𝑉)𝑒𝑥𝑝 ( ―
𝑡

𝜏𝑉)𝛽

+ (𝐹𝑉 ― 𝐹𝑃)𝑒𝑥𝑝( ―𝑡/𝜏𝑃) + 𝐹𝑃. (2)

We also calculate the effective diffusivity, , of the silicone oil within the PDMS network during 𝐷𝑒𝑓𝑓

relaxation from:

𝜏𝑃 =
𝑅𝛿

𝐷𝑒𝑓𝑓
, (3)

where is the radius of the contact region. Therefore, by increasing the radius of curvature R or 𝑅𝛿  

indentation depth ,  increases. The fit for each relaxation curve to Eq. (2) is shown in Fig. 2, and the 𝛿 𝜏𝑃

values of the fitting parameters as well as  are given in Table 2. For ,  is O(100-1000s).𝐷𝑒𝑓𝑓 𝛿~35 𝜇𝑚 𝜏𝑃

For the case of dry extracted PDMS, the model in Eq. (2) reduces to a simple stretched exponential 

(Eq. (4)) that is useful for describing systems with a wide distribution of timescales. Both stretched 

exponentials and a Prony series have been used to describe the viscoelastic relaxation of crosslinked PDMS. 
66, 67 

𝐹(𝑡) = (𝐹0 ― 𝐹𝑉)𝑒𝑥𝑝 ( ―
𝑡

𝜏𝑉)𝛽

+ 𝐹𝑉
(4)

By fitting the data for dry PDMS to Eq. (4), we get  O(1s) and We can calculate the 𝜏𝑉~ 𝛽~0.4. 

longest timescale over which most of the viscoelastic relaxation happens as a function of  using the result 𝛽

by Johnston.68 We see that the overall viscoelastic relaxation of dry PDMS is over by  in agreement ~100 𝑠

with literature reports.66, 69 We also observe that both swollen and dry PDMS have similar values of . The 𝜏𝑉

quantity  gives a measure of the spread around the characteristic timescales.68 Values of  indicate an 𝛽 𝛽 < 1

increase in the time necessary for the viscoelastic relaxation. Therefore, overall time of viscoelastic 

relaxation is larger for extracted and partially swollen PDMS than for fully swollen PDMS (Fig. 2). 

We approximate the instantaneous relationship between the force during dwell  and effective 𝐹

reduced Young’s modulus ( ; where  is the Poisson ratio) of the swollen elastomer using 𝐸 ∗ =
𝐸

1 ― 𝜈2 𝜈

Hertzian contact mechanics:

𝐹 =
4
3𝐸 ∗ 𝑅0.5𝛿1.5, (5)

From value of  and , and substituting them into Eq. (5), we obtain the initial effective modulus  𝐹0, 𝐹𝑉 𝐹𝑃

, the effective modulus after viscoelastic relaxation , and effective modulus after poroelastic 𝐸 ∗
0 𝐸 ∗

𝑉
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relaxation  (Table S1, ESI†). Relying on  to characterize the extent of viscoelastic relaxation, we 𝐸 ∗
𝑃 𝐸 ∗

𝑉 /𝐸 ∗
0

find that it is highest for dry PDMS and decreases with increasing oil fraction. Oil molecules occupy voids 

in the elastomer network and alter the extent to which the network chains can relax, limiting the capacity 

for viscoelastic relaxation.70 For the fully swollen elastomer, indicating little to no viscoelastic 
𝐸 ∗

𝑉

𝐸 ∗
0

≈ 1 

relaxation (Table 2). This limited viscoelastic relaxation is corroborated by oscillatory rheology as a 

decrease in with increasing swelling (Fig. S3, ESI†). A similar loss of viscoelasticity has also been tan 𝛿 

observed previously for swollen elastomers.70, 71

Extracted PDMS does not relax beyond the viscoelastic step, as expected (Fig. 2). For the two swollen 

PDMS  at the given indentation depth, validating our use of Eq. (2). While poroelastic behavior of 𝜏𝑃 ≫ 𝜏𝑉

silicone elastomer saturated with alkanes has been studied before,33 silicones swollen in silicone oil have 

not been characterized via PRI and Eq. (2) has previously only been applied to saturated networks 

submerged in fluid. We find here that this model can describe the relaxation of both unsubmerged (  𝜙 = 0.4

in air) and unsaturated networks (  in air). Data for fully swollen PDMS submerged in silicone oil is 𝜙 = 0.1

also shown as a control to get an estimate for what the effective diffusivity would be under submerged 

conditions. We find that the effective diffusivity  obtained is comparable for the three swollen cases. 𝐷𝑒𝑓𝑓

Table 2.  is a lumped parameter accounting for two fluid transport phenomena occurring 𝐷𝑒𝑓𝑓

simultaneously in the bulk of the elastomer- diffusion and convection. The dominant transport mechanism 

is determined by the relative sizes of the elastomer mesh and fluid molecule.33 Here, the mesh size of the 

elastomer is ~2.6 nm.60 An upper bound on the estimate for the size of the silicone oil molecule is .72 ~1 𝑛𝑚

Since the mesh size is similar to the size of silicone oil molecule, the dominant contribution to  is likely 𝐷𝑒𝑓𝑓

from diffusive transport. Because the value of  are nearly the same for fully swollen PDMS in air and 𝐷𝑒𝑓𝑓

in an oil bath, we assume that the mechanism for relaxation is the same regardless of the presence of an oil 

bath. We compare the values of  obtained from our PRI experiments with those from free swelling 𝐷𝑒𝑓𝑓

measurements done by Sotiri et al. using a linear poroelastic model ( ~ m2/s), comparable 𝐷 1.2 × 10 ―10 

with the values in Table 2.3 Our measurements also lie in the linear poroelastic regime due to the small 

deformation of the elastomer probe, thus validating our poroelastic characterization. 
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Fig. 2. Representative force-time poroelastic relaxation indentation (PRI) curves for PDMS lens in contact with 
glass surface. The different data sets correspond to different bulk oil fractions:  (black), (red),   𝜙 = 0 𝜙 = 0.1 𝜙 = 0.4
in air (blue) and in silicone oil (green). All the curves are for the same indentation depth  Lines 𝜙 = 0.4 𝛿 ≈ 35 𝜇𝑚.
represent the numerical fit to Eq (2). Inset shows normalized force vs time curves for the first 100 s. The collapse of 
all the curves in the inset onto a single line at early times indicates similar viscoelastic timescales.

Table 2 .  Experimental and fitting parameters from PRI of dry and swollen PDMS.1 

𝜙 𝛿 𝜏𝑉 𝛽 𝜏𝑃 𝐸 ∗
𝑉 /𝐸 ∗

0 𝐸 ∗
𝑃 /𝐸 ∗

𝑉 𝐷𝑒𝑓𝑓

mm s s x1010 m2/s
0 33 ± 3 1.4 ± 0.5 0.4 ± 0.1 -- 0.83 ± 0.04 -- --

0.1 35 ± 3 1.4 ± 1.5 0.4 ± 0.1 285-3131 0.95 ± 0.01 0.97 ± 0.04 3.5 ± 2.7
0.4 36 ± 3 5.0 ± 4.2 0.7 ± 0.3 517-1478 0.99 ± 0.01 0.84 ± 0.16 2.2 ± 1.2

(in oil)   0.4 38 ± 5 2.7 ± 1.3 0.6 ± 0.2 994-1829 0.99 ± 0.01 0.9 ± 0.01 2.0 ± 0.8
1values are averaged over three repeat experiments and errors reported are the standard deviations.
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B. Elastomer surface properties

Imaging of the PDMS surface shows the presence of oil droplets on the surface, even if the elastomer 

is not fully saturated with oil (Fig. 3Fig.a). The circular patches in the image are the droplets distributed 

evenly over the surface via autophobic dewetting of thin oil film,73-75 and the remaining area is assumed to 

be dry polymer.76 This dewetting behavior is due to an imbalance between the viscous and capillary forces 

acting on the oil film.77 For fully swollen elastomers, we no longer see droplets, and expect the PDMS 

surface to be covered in a thin layer of oil. Prieto-Lopez et. al.15 measured the equilibrium thickness of the 

oil surface to be greater than 100 nm. We anticipate that the presence of oil droplets at the surface of the 

swollen elastomer will impact its adhesion and wetting properties.

We characterized the surface energy of the elastomer at different oil fractions using contact angle 

measurements (Fig. 3Fig.b). The surface energy of the PDMS increases as the amount of oil dissolved 

within the matrix increases. We normalize the oil fraction  by oil fraction at maximum swelling 𝜙 𝜙𝑚𝑎𝑥

to get the extent of saturation . The dry extracted elastomer ( ) has a lower surface = 0.4 𝜙/𝜙𝑚𝑎𝑥 𝜙/𝜙𝑚𝑎𝑥 = 0

energy (γ = 16.2  2 mJ/m2) compared to the surface tension of silicone oil (20.1 mJ/m2). At , ± 𝜙 = 0.2

significantly before the saturation of the PDMS, the value of the surface energy of the PDMS surface 

saturates at mJ/m2 (Fig. 3b). This value is close to the surface tension of silicone oil. The 𝛾~20.7 ± 0.3 

fact that the surface energy reaches the limit of the surface tension of the pure oil is indicative of a surface 

fully covered with oil. Therefore, for  the surface is fully saturated with oil while the bulk is only 𝜙 > 0.2

50% saturated (i.e., .5). Excess of oil at the interface of swollen elastomers is known as 𝜙/𝜙𝑚𝑎𝑥 = 0

syneresis, and occurs due to an imbalance between the mixing energy of the oil in the elastomer and the 

surface energy of the system.4, 78 As the surface energy of the swollen elastomer increases with oil fraction 

we conclude that the oil at the interface contributes to the increasing surface energy of the elastomer.
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Fig. 3. Surface characterization of swollen PDMS. Flat PDMS sheets are swollen to different oil fractions from  𝜙
(dry) to  (fully saturated). (a) Images of the sheets in air using reflectance microscopy at different = 0 𝜙 = 𝜙𝑚𝑎𝑥 = 0.4  

normalized oil fraction, . The circular spots are silicone oil droplets covering the surface, and the remainder 𝜙/𝜙𝑚𝑎𝑥
of the surface is assumed to be dry (or oil-free due to dewetting). (b) Surface energy from the two-liquid method as a 
function of normalized oil fraction, .𝜙/𝜙𝑚𝑎𝑥

C. Adhesion to swollen PDMS

We investigate how adhesion varies with oil fraction and contact time. We first look at adhesion data 

at contact times of 100 s for a wide range of oil fractions. We select a contact time of 100 s because at that 

time the viscoelastic relaxation of the PDMS is over and the impact of poroelasticity is still negligible, 

allowing us to isolate the effect of swelling. We then look at the effect of contact time on adhesion for three 

oil fractions across both viscoelastic and poroelastic timescales. 

Role of oil fraction on adhesion (contact time 100 s) 
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The oil fraction has a strong influence on adhesion (Fig. 4a). The adhesive strength (peak force in 

Fig. 4a) during pull-off decreases rapidly with an increase in oil fraction. This decrease is consistent with 

the recent reports of Ibáñez-Ibáñez et al.24 where they see a similar sharp decrease in ice adhesion in tensile 

strength measurements. For comparison, our nominal stress ( ) reduces by a factor of four between 𝜎 = 𝐹𝑃/𝐴

dry and 23% saturated PDMS (i.e., ). Similarly, ice adhesion strength also decreases by a 𝜙 𝜙𝑚𝑎𝑥~0.23

factor of four between dry and 20% saturated PDMS. While in the ice adhesion measurements a column of 

water is frozen over the swollen elastomer, here we simply bring the two surfaces in contact at room 

temperature. It is interesting to note that the protocol for contact formation (ice or glass) does not seem to 

affect the relative effect of oil on adhesion meaningfully. This similarity could indicate that the amount of 

oil at the interface is a strong determinant of the adhesion of swollen PDMS with other surfaces independent 

of the surface properties of the substrate (e.g., glass or ice).

For fully-swollen PDMS we observe a tail in the force-time curve and the presence of a large oil 

droplet on the glass surface after detachment (Fig. 4b). Side view imaging during debonding also shows 

the presence (and break up) of a capillary bridge between the surfaces (Fig. S7, ESI†). We therefore 

hypothesize that the detachment force is due to both capillary and solid-solid contact. We developed a 

simple model to describe the debonding curve where the total force at any time during debonding, , is 𝐹𝑡𝑜𝑡 

given by a sum of the capillary (  and an adhesive (  forces, see Fig. 4c and Fig. S8, ESI† for a 𝐹𝑐𝑎𝑝) 𝐹𝐽𝐾𝑅)

description. We include solid-solid adhesion via JKR mechanics to obtain a theoretical upper bound on the 

total force. Comparison with the model shows that the force-time curve has a contribution of both solid-

solid contact and capillarity, but contribution of solid-solid contact is negligible compared to the unsaturated 

case. The contribution of solid-solid contact is unexpected considering the fact that contact angle 

measurements indicated that the PDMS surface was initially covered with an oil film (Fig. 3b). In contrast, 

while contact angle measurements showed a significant portion of the surface covered with oil even before 

saturation (Fig. 3), we do not observe a tail in the force curves or visualize any capillary bridges during 

detachment for unsaturated PDMS. It is possible that small capillary bridges might be present but their 

contribution to the adhesive strength is negligible. For adhesion of fully-swollen PDMS, wetting of the 

glass surface by oil determines the low adhesion value seen in our experiments.  

For all swelling fraction, we convert the adhesive strength into a critical strain energy release rate 𝐹𝑃 

( ), a quantity that only depends on the interfacial properties of the materials in contact and the rate of 𝐺𝐶

crack propagation (and exclude effects due to geometry or compliance). The critical strain energy release 

rate is obtained using the JKR relationship for sphere-plane contact given by Eq. (6)79 
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𝐹𝑃 =
3
2𝜋𝑅𝐺𝐶

(6)

where  is the peak force during detachment. Since we debond at the same velocity for all experiments (𝐹𝑃

), we assume that rate dependence of  on the crack propagation will be similar across 𝑣𝑑𝑒𝑏𝑜𝑛𝑑 = 50𝜇𝑚/𝑠 𝐺𝐶

different oil fraction (see ESI†). Therefore,  allows for comparison across oil fractions that are due to 𝐺𝐶

changes in the interfacial properties of the swollen elastomer in contact with glass substrate.
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Fig. 4. Short dwell adhesion of glass-PDMS as a function of the PDMS oil fraction. (a) Representative force vs 
time curves for debonding of swollen PDMS lenses from flat glass with different normalized oil fraction,  (b) 𝜙/𝜙𝑚𝑎𝑥
Image of a silicone oil droplet on glass taken after debonding from a fully-saturated PDMS lens. (c) Force vs time 
data for debonding of fully saturated PDMS ( ) from glass. Blue points are data and the dashed yellow line 𝜙𝑚𝑎𝑥 = 0.4
is a theoretical calculation for an elastic lens debonding in the presence of a capillary bridge60. (d) Critical strain energy 
release rate  as a functions of normalized bulk oil fraction, .  decreases over four decades as the oil 𝐺𝐶 𝜙/𝜙𝑚𝑎𝑥 𝐺𝐶
fraction in PDMS increases.

We attempt to compare adhesion and contact angle data to contextualize the effect of oil fraction on 

adhesion. To do so we calculate an effective surface fraction of oil for both the contact angle and adhesion 

measurements as . This effective surface fraction depends on the oil fraction, and is obtained from the 𝜙𝑠

energy of the pure components assuming that the surface energy of the oil-covered PDMS follows Cassie’s 

relation:80, 81

𝛾𝑐𝑎𝑙𝑐 = 𝛾𝑜𝑖𝑙 𝜙𝑠 + 𝛾𝑑𝑟𝑦 (1 ― 𝜙𝑠), (7)

where  is the surface energy of the swollen surface in air;  and  are the surface tension of the 𝛾𝑐𝑎𝑙𝑐 𝛾𝑜𝑖𝑙 𝛾𝑑𝑟𝑦

fluid and surface energy of the dry PDMS in air obtained using the two-liquid method.  is the area fraction 𝜙𝑠

of the surface covered by the silicone oil and varies with the oil fraction. Given that the maximum surface 

fraction of oil is  (for a surface covered with a layer of oil), we can treat surface fraction  as  𝜙𝑠, 𝑚𝑎𝑥 = 1 𝜙𝑆

the extent of saturation at the surface,  . From Fig. 5, it can be seen that the surface is always more 
𝜙𝑠

𝜙𝑠, 𝑚𝑎𝑥

saturated than the bulk ( ).𝜙𝑠 >
𝜙

𝜙𝑚𝑎𝑥

We follow a similar mixing rule as for the contact angle to estimate an effective area fraction of oil 

within the contact region during adhesion measurements. We assume that  is a sum of the contribution 𝐺𝐶

from PDMS-glass interactions and oil-glass interactions as given by Eq. (8)

𝐺𝐶, 𝑚𝑒𝑎𝑠 = 𝐺𝐶,𝑜𝑖𝑙 ― 𝑔𝑙𝑎𝑠𝑠 𝜙𝑠 + 𝐺𝐶, 𝑑𝑟𝑦 ― 𝑔𝑙𝑎𝑠𝑠(1 ― 𝜙𝑠). (8)

Data points in Fig. 5 are a rescaling of the data presented in Figs. 3-4. Cassie’s relation has been applied 

previously to estimate the adhesion on patterned surfaces as a function of area fraction.82 Since the adhesion 

between fully swollen PDMS and glass  is negligible compared to adhesion between dry-PDMS 𝐺𝐶, 𝑜𝑖𝑙 ― 𝑔𝑙𝑎𝑠𝑠

and glass , we assume that the contact formed will be similar to Cassie-Baxter state. The  𝐺𝐶, 𝑑𝑟𝑦 ― 𝑔𝑙𝑎𝑠𝑠 𝜙𝑠

calculated from adhesion data is always higher than the one obtained for a free surface using contact angle 

data. As a result, Fig. 5a can be interpreted as the difference in the state (in terms of oil area fraction) of 

the elastomer surface before and during contact, as illustrated in Fig. 5b. The increase in  during contact 𝜙𝑠

could come from spreading of the oil droplets within the contact region resulting in higher coverage of oil. 
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Interestingly, while oil volume fraction greater than ~ 0.2 show small in change effective oil surface 
𝜙

𝜙𝑚𝑎𝑥
 

fraction (it is almost fully covered) the energy release rate continues to decrease. Moreover, capillary 

bridges are only observed (visually or through a tail in the force-time curves) for fully saturated PDMS 

lenses. These observations indicate that to achieve low adhesion, the elastomer must be swollen above a 

minimum threshold oil fraction, likely fully saturated. 

Fig. 5. Surface distribution of oil on free surface and surface in contact. (a) Apparent surface fraction of oil  vs 𝜙𝑠
normalized bulk oil fraction calculated by applying Cassie’s law for heterogenous surfaces, Eqns. (7-8). 𝜙/𝜙𝑚𝑎𝑥 
Triangles are calculated using surface energy obtained from contact angle measurements. Squares are calculated using 
strain energy release rates from probe-tack measurements. The surface has an excess of oil (all points are above  𝑦 = 𝑥
line) in both for both adhesion and wetting. The apparent surface fraction of oil “felt” by the glass surface is greater 
than that obtained from contact angle measurements. The apparent surface fraction in contact saturates around 

𝜙
𝜙𝑚𝑎𝑥

. (b) Schematic of oil distribution before /after the lens comes in contact with the glass slide. The small grooves ~0.14
on the flat glass surface represent local roughness of glass

Contact time dependent adhesion

We then compare the effect of contact time on the adhesion of dry, unsaturated PDMS ( ), and 𝜙 = 0.1

fully-swollen PDMS. The oil fraction of  was also selected as it is just below the oil fraction above 𝜙 = 0.1

which we report an oil film covering the entirety of the contact region. The contact times selected span the 

whole relaxation time scale shown in Fig. 2. Our objective is to determine the relative importance of three 

different mechanisms for time-dependent adhesion: 1) viscous dissipation within the probe prior to 
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debonding,83, 84 2) enhancement of solid-solid contact (contact aging),85, 86 and 3) suction caused by fluid 

transport away from the contact region (poroelasticity).45, 46

For all contact times, the debonding force is the highest for dry PDMS probe and lowest for the fully 

swollen probe. For all contact times we see a tail in the force curve for the fully swollen probe due to 

capillary bridges formed during debonding (Fig. 6c). The representative force-time curves shown in Fig. 

6a-c show that the peak force increases with contact time for  and , but much less so (if any) 𝜙 = 0 𝜙 = 0.1

for the fully-saturated PDMS. 

Fig. 6. Representative force vs time curves during debonding of PDMS lens at different contact times. (a)  𝜙 = 0
or dry PDMS (black circles), (b)  or partially swollen PDMS (red triangles) and (c) or fully saturated 𝜙 = 0.1 𝜙 = 0.4 
PDMS (blue squares). Data at increasing contact times is shown using darker shades. The peak force increases with 
contact time for  and . Inset in (c): force vs surface displacement. Dashed lines are calculated from the 𝜙 = 0 𝜙 = 0.1
capillary/JKR adhesion model (calculations in ESI†). Fully swollen probes do not show a strong (if any) dependence 
of adhesion with contact time. Lines joining the points are to guide the eye. 

Elastomeric materials exhibit viscoelastic properties which affect their adhesive behavior.83, 84, 87-89 

Fig. 7a shows the effective modulus  (obtained using Eq. (5)) scaled by the effective viscoelastic 𝐸 ∗

modulus  as a function of contact time. We see that  decreases significantly until viscoelastic 𝐸 ∗
𝑉 𝐸 ∗ /𝐸 ∗

𝑉

relaxation is complete (~100 s). Therefore, adhesion prior to 100 s will be sensitive to viscoelastic properties 

of the material. At timescales longer than those relevant to viscoelastic relaxation, a slow enhancement of 

solid-solid contact - known as contact aging - also contributes to increasing adhesion of the elastomer. 

While the exact mechanism behind contact aging is not well-established, it has been suggested that 

rearrangement of chains at the interface allows for better bonds to be formed.41, 42, 90, 91 For PDMS in contact 

with a hydrophilic surface, the rearrangement is facilitated by the presence of active -OH groups on the 
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surface of glass due to strong dipole-dipole interactions which in turn leads to an increase in adhesion.91 

Contact aging increases adhesion with a power law dependence on contact time  where n is a power law ~𝑡𝑛

exponent that depends on the elastomer.85, 86, 88, 90-92  Therefore, solid-solid adhesion for dry (extracted) 

elastomer can increase with time due to both increased viscous dissipation in the bulk of the elastomer and 

contact aging at the interface. Typically, the timescale for the viscoelastic relaxation is much shorter than 

for contact aging. For swollen hydrogels, it has also been seen that the increase in adhesion with contact 

time occurs beyond the poroelastic time  measured via indentation relaxation.45 As a result, it is speculated 𝜏𝑃

that a “suction” pressure develops across the interface of the hydrogel due to fluid drainage in the bulk near 

the interface leading to an increase in adhesion.45, 46, 48, 50 Reale et al. 45 obtained a time dependent surface 

energy of the indented hydrogel under water and observed that the increase happened over the poroelastic 

timescale. McGhee et al. report that the increase in adhesion comes from an interfacial stress gradient that 

is created due to a difference in the osmotic pressure in the hydrogel and the hydrated second surface.46
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Fig. 7. Effect of contact time on relaxation and adhesion of PDMS for different oil fraction. (a, b) Normalized 
relaxation modulus (  from Eq. (5)) and critical strain energy release rate ( )  vs. contact time. The shaded 𝐸 ∗ /𝐸 ∗

𝑉 𝐺𝐶
area shows the regime for viscoelastic relaxation (c, d) Normalized relaxation modulus and critical strain energy 
release rate vs. contact time normalized with poroelastic timescale, , for each experiment where  is obtained by 𝑡/𝜏𝑃 𝜏𝑃
fitting relaxation data to Eq. (2). The dashed line represents the poroelastic timescale  Each set of data 𝑡/𝜏𝑃 = 1
represent the oil fraction with  or dry (black circles),  or partially swollen (red triangles) and  or 𝜙 = 0 𝜙 = 0.1 𝜙 = 0.4 
fully saturated (blue squares). (b) The black, red, and blue solid lines represent power law dependence in time. Blue 
dashed line indicates magnitude of  for capillary adhesion limit obtained from Eq (5) using peak force calculated 𝐺𝐶
from capillary/JKR adhesion model60. The data is plotted on a log scale on the x and y axes to highlight power-law 
dependence and similar slope for  and  (d) Data is plotted on a linear scale in  to compare the 𝜙 = 0 𝜙 = 0.1 𝐺𝐶
magnitude of  for the partially ( ) and fully swollen ( ) cases. Data points for  are not plotted 𝐺𝐶 𝜙 = 0.1 𝜙 = 0.4 𝜙 = 0
because there is no characteristic poroelastic timescale for extracted PDMS.
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For dry PDMS in contact with glass, there is an initial increase in adhesion (Fig. 7b) which we 

attribute to viscous dissipation in the bulk. We see in Fig. 7a that viscoelastic relaxation lasts until . ~100 𝑠

Therefore, initial increase in  from  to  is due to changing viscoelastic properties of 𝐺𝐶 𝜏𝐷 = 10 𝑠 𝜏𝐷 = 100 𝑠

the material. Beyond 100 s, the contribution of bulk viscoelastic dissipation to adhesion are insignificant. 

At longer times, we attribute further increase in adhesion to contact aging and obtain a power law 

dependence for  on contact time of , which is lower than   previously reported for work of 𝐺𝐶 ~𝑡0.04 ~𝑡0.1

debonding.40, 86 

For elastomer fully saturated with fluid, adhesion measurements at all contact times lie in a regime 

where force due to liquid capillary bridge meniscus is comparable to measured debonding force (Fig. 6c). 

There is poor solid-solid contact: the peak force during detachment is an order of magnitude lower for 

than the peak force for dry case. Because of low adhesion we expect that viscoelastic dissipation 𝜙 = 0.4 

and contact aging will not contribute significantly to increase in adhesion. We observe a slight increase in 

adhesion across the poroelastic timescale shown in the scaling for Fig. 7d, however the increase ( J/m2) 0.04 

is low enough to lie within limits of experimental resolution ( J/m2). Comparison with our model for 0.05 

capillary and JKR adhesion shows that both the liquid meniscus and solid-solid contact contribute to the 

detachment force (Fig. S8, S9, ESI†). We calculate a strain energy release rate just for the capillary 

contribution,  using Eq. (6) and the peak force from the model. Although  is to describe crack 𝐺𝐶, 𝐶𝐴𝑃 𝐺𝐶

propagation in solids, we extend this definition to breakup of liquid capillary meniscus just for comparison 

in terms of relative magnitude. Since the magnitude of adhesion  is below the limit of capillary bridge 𝐺𝐶

break-up,  (Fig. 7c, d) and that the increase in adhesion is negligible, we conclude that there is little 𝐺𝐶, 𝐶𝐴𝑃

to no contribution to poroelasticity induced suction to increasing adhesion for fully swollen PDMS. The 

absence of a poroelastic contribution could be due to insufficient buildup of suction pressure that would 

drive the transport of the fluid and increase adhesion. Asperities on the glass surface could lead to a poor 

“seal” which would work against pressure buildup near the interface. As a result, fluid trapped at the 

interface93 would not be taken up by the elastomer leading to consistently poor adhesion. Another reason 

for poor pressure buildup could be due to the poor permeability of silicone oil through the medium under 

compression perhaps due to the comparable size of the fluid molecule and the elastomer mesh size. The 

total stress in a poroelastic material is a sum of the elastic and fluid contribution.94  It is also possible that 

for our material, the elastic contribution to stress far outweighs the fluid contribution leading to negligible 

effect of poroelasticity. 

For the partially swollen PDMS ( ) we see that the pull-off forces increase with contact time. 𝜙 = 0.1

Even for the longest time in contact the pull-off force remains significantly lower than the one measured 

with the dry PDMS probe (Fig. 6). There is negligible change in the time dependence of across the 𝐺𝐶 
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poroelastic timescale (   J/m2). At longer times, we also do not recover the 𝐺𝐶 = 0.29 ± 0.08 ― 0.27 ± 0.02

dry value of adhesion, likely due to fluid wetting and entrapment near the interface. We also see the same 

power law dependence ( ) as the dry probe-glass adhesion for the partially swollen probe-glass 𝑡0.044

adhesion. A same power law dependence supports the hypothesis that the increase in adhesion is due to 

contact aging. We have two features of the adhesion data to suggest that solid-solid contact formation and 

aging determine the adhesion of partially swollen elastomers: (1) similar power law increase in adhesion (𝐺𝐶

 with time for both dry and swollen lenses and (2) no distinction in the increase in adhesion across )

poroelastic timescale for the partially swollen elastomers. For both the dry and fully swollen PDMS, we 

see that further relaxation beyond viscoelastic relaxation (see in Fig. 7c) does not contribute to increasing 

adhesion (Fig. 7d). 

CONCLUSIONS

The main objective of this work was to understand the effect of swelling and contact time on fluid-

infused elastomers. We did so by systematically varying the amount of oil in the bulk of the PDMS 

elastomer and measuring its surface and rheological properties. Contact angle measurements showed an 

excess of oil at the elastomer droplet interface. The oil at the surface contributes to the increasing surface 

energy of the elastomer – reaching the value of pure oil at complete saturation. Simple brightfield imaging 

of the surface showed the presence of oil droplets at the interface that can be explained via autophobic 

dewetting of the thin film of oil. We saw a loss of viscous behavior with increasing higher oil fractions in 

both rheology and PRI measurements, which could be due to filling up of voids in the elastomer at higher 

oil fractions. 

Adhesion decreases sharply with increasing oil content in the system – reaching the limit of 

capillary adhesion at full saturation. Using a Cassie-Baxter type linear relationship, we obtained an effective 

surface fraction from the surface energy and strain energy release rate of the swollen elastomer. The 

effective surface fraction of oil reaches its maximum value ( ) earlier during adhesion than during 𝜙𝑠 = 1

contact angle measurements. This can be due to the spreading of the oil droplets and wetting of the glass. 

A higher effective surface fraction during contact indicates that the surface gets more “slippery” in contact 

with glass as compared to liquid droplets. It remains to be seen how the surface would behave in the 

presence of a softer, polymeric contacting surface as compared to the rigid glass surface studied here. 

We also looked at the effect of contact time on the adhesion of dry and swollen elastomers with the 

glass surface. Both dry and swollen elastomers undergo visco-poroelastic relaxation, which can be observed 

during PRI tests. During debonding, adhesion of dry ( ) and partially swollen ( ) lenses follows 𝜙 = 0 𝜙 = 0.1

a similar power law dependence in time, with an exponent of . This value is slightly lower than 𝑛 = 0.04
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the value of  seen for dry PDMS elastomers. We hypothesize that the similar dependence of 𝑛 = 0.1

adhesion with time originates from similar adhesive mechanism – i.e., contact aging. We also consider 

poroelasticity as a possible mechanism for increase in adhesion via fluid diffusion away from the interface, 

but do not see a significant change in the time dependence across the characteristic poroelastic timescale 

for both the partially swollen and fully swollen elastomer. We believe that the “suction” effect, if present, 

is not significant enough to deplete the interface of oil and increase adhesion. It is possible that more 

intimate contact formation is required - which is possible with softer materials to develop and maintain a 

pressure gradient. For the fully swollen elastomer, even though the diffusion coefficient is similar from PRI 

in air and submerged in oil, effect of change in boundary condition (flooded vs. unflooded) on adhesion is 

yet to be investigated and shall be the subject of a future study. Our results indicate that the time dependent 

increase in adhesion for PDMS is determined by the initial solid-solid contact which is determined by the 

amount of oil present at the surface of the elastomer. The elastomer needs to be swollen above a threshold 

oil fraction in order to maintain low adhesion performance over time.
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