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P H Y S I C S

Small-scale roughness entraps water and controls 
underwater adhesion
Nityanshu Kumar1, Siddhesh Dalvi1, Anirudha V. Sumant2, Lars Pastewka3,4,  
Tevis D. B. Jacobs5, Ali Dhinojwala1*

While controlling underwater adhesion is critical for designing biological adhesives and in improving the traction 
of tires, haptics, or adhesives for health monitoring devices, it is hindered by a lack of fundamental understanding 
of how the presence of trapped water impedes interfacial bonding. Here, by using well-characterized polycrystal 
diamond surfaces and soft, nonhysteretic, low–surface energy elastomers, we show a reduction in adhesion 
during approach and four times higher adhesion during retraction as compared to the thermodynamic work of 
adhesion. Our findings reveal how the loading phase of contact is governed by the entrapment of water by 
ultrasmall (10-nanometer-scale) surface features. In contrast, the same nanofeatures that reduce adhesion during 
approach serve to increase adhesion during separation. The explanation for this counterintuitive result lies in the 
incompressibility-inextensibility of trapped water and the work needed to deform the polymer around water 
pockets. Unlike the well-known viscoelastic contribution to adhesion, this science unlocks strategies for tailoring 
surface topography to enhance underwater adhesion.

INTRODUCTION
Geckos running up wet inclined surfaces or mussels sticking to 
rocks in turbulent ocean waters demonstrate how natural systems 
overcome the presence of water, which destroys the function of 
most commercial adhesives (1–4). Underwater adhesion is impor-
tant for the design of vehicle tires with improved traction on wet 
roads, effective biological adhesives to replace surgical sutures, or 
health-monitoring sensors that can function in the presence of 
water and humidity.

For smooth ideal surfaces, the underwater contact is influenced 
by surface chemistry and the water drainage rate (5). For example, 
underwater work of adhesion increases with hydrophobicity and 
can be determined by using the Young-Dupré equation, which is a 
function of the interfacial energies (5, 6). The interfacial energy of 
hydrophobic surfaces in water is higher than when in contact with 
air, thus increasing their underwater work of adhesion. However, 
the drainage of water is almost a thousandfold slower for hydropho-
bic surfaces compared to hydrophilic surfaces in conditions where 
water is trapped during fast approach (5, 6).

In real-world scenarios, most surfaces are rough at many length 
scales, and the contact interface may not be conformal but may con-
tain regions of trapped air or water. For rough surfaces in dry condi-
tions, the work of adhesion during the approach may be determined 
using the Persson-Tosatti model (7). This model assumes that the fi-
nal state is conformal, and the apparent work of adhesion is lower 
than the ideal thermodynamic work of adhesion by the amount of 
elastic energy required to conform to the roughness of the solid sur-
face. This model has been successful in predicting the work of adhe-
sion during the approach for smooth elastic rubber in contact with 

rough diamond surfaces (6, 7). However, the model has not been suc-
cessful in predicting the work of adhesion in separating two surfaces. 
For heterogeneous contact (roughness or chemical), the contact line 
is pinned during retraction, and detachment occurs in the form of lo-
calized instantaneous jumps (8, 9). This detachment follows Griffith’s 
criterion, which states that these jumps occur only when the elastic 
energy released per unit area is equal to the interfacial energy or the 
energy required for the creation of new surfaces (10).

In underwater adhesion, the presence of roughness can lead to 
stable nonconformal contact with trapped water, and how adhesion 
relates to roughness in such complex systems has remained unre-
solved. These systems are much more common than ideal smooth 
surfaces, where adhesion can be explained by the classical Johnson-
Kendall-Roberts (JKR) model. Biological systems control roughness 
using micro- and nanofeatures that are known to help in draining 
water and creating conformal contacts (11–15). However, noncon-
formal contacts are common under water, and we lack a theoretical 
framework to predict the actual contact area and the energy re-
quired for elastic deformation to create nonconformal contacts. In 
addition, the retraction may also be influenced by capillary forces, 
which are known to affect the adhesion of biological systems with 
controlled roughness (16–20). Therefore, it is critical to develop a 
fundamental understanding of how roughness affects underwater 
adhesion.

Here, we address the unresolved question of how underwater ad-
hesion is affected by roughness and determine whether the contact 
interface is conformal and dry. Our experimental design is based on 
hydrophobic chemistry to create two surfaces, hydrogen-terminated 
(H-terminated) rough polycrystalline diamond and soft polydimeth-
ylsiloxane (PDMS) elastomer, to isolate the effect of roughness on 
underwater adhesion. This design reduces the influence of hydrogen 
or chemical bonds on the adhesion hysteresis (6, 21). In addition, 
the PDMS chemistry with nearly complete cross-linking minimizes 
the influence of viscoelasticity (7). For rough surfaces, we use four 
topographically different diamond surfaces: microcrystalline dia-
mond (MCD), nanocrystalline diamond (NCD), ultrananocrystal-
line diamond (UNCD), and a polished form of UNCD (PUNCD). 
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The roughness of these diamond substrates is well-characterized 
across eight orders of magnitude ranging from the size of the sub-
strates (centimeters) to the angstrom scale (22). The height power 
spectral density (PSD) of a diamond substrate and the elastic modu-
lus of PDMS are used to calculate the elastic energy required to con-
form to the rough surface and to calculate the true contact area, 
which can be used to test the theoretical predictions (7, 23). We var-
ied the elastic modulus of the smooth nonhysteretic PDMS elasto-
mers from 0.7 to 9.2 MPa to test the influence of the modulus. The 16 
different contact conditions (four substrates in contact with elasto-
mers of four different moduli) and measurements of adhesion in both 
directions during approach and retraction and in the presence and 
absence of water allowed us to test the current theoretical model and 
propose a new nonconformal model to explain underwater adhesion.

RESULTS
The adhesion measurements were conducted by bringing a soft 
PDMS elastomer into contact with rough diamond surfaces in the 

presence of water using the geometry shown in Fig. 1A. The proce-
dure for preparing the PDMS lenses is described in section S1. The 
characterization of diamond surface chemistry is described in sec-
tion S2, and the calculation of the roughness parameters is presented 
in section S3. The hydrogen termination of diamond surfaces en-
sures the hydrophobic nature of the substrates and reduces adhesion 
hysteresis for smooth surfaces (24). For adhesion measurements, 
the radius of the contact spot was measured using an optical micro-
scope. The loading measurements were performed quasi-statically, 
i.e., in a stepwise manner with a velocity of 60 nm/s between steps. 
For adhesive contact, the radius of the contact spot is higher than 
that predicted by Hertzian contact mechanics and described using 
the JKR model (dotted lines in Fig.  1B) (25). The adhesion data 
(Wapp) obtained using JKR fits are summarized in tables S4 and S5 
for the 16 contacts measured in both air and water. It is important to 
note that the JKR model with Wapp which is independent of normal 
load was able to model the data in Fig. 1C. Because these measure-
ments were conducted at low normal loads, we anticipate that 
the state of the contact region (amount of trapped water) does not 

Fig. 1. Schematic of adhesion experiments and adhesion values in dry and wet conditions during approach. (A) Experimental geometry for measuring adhesion 
using the JKR model (50). (B) The contact radius of 0.9 MPa PDMS lens in contact with rough surfaces is plotted as a function of applied load (during approach) for under-
water condition. To limit the amount of time the diamond surfaces are exposed to water, we measured contact radius during approach only, and not during retraction; 
during retraction, we only measured force. The dashed lines are fits using the JKR model in eq. S10. The Maugis parameter is much greater than 1, and JKR analysis is ap-
propriate for modeling the adhesion data (section S4). The results from such fits are provided in table S4 (for dry case) and table S5 (for underwater case). Comparison of 
experimental work of adhesion between smooth elastic PDMS and rough rigid diamond contacts with those predicted using conformal model (Eq. 1). In dry conditions 
(C), the predictions show an excellent correlation (R2 = 0.87) with experimental values for a (Wint)A of ~42 mJ/m2 (same as the thermodynamic expectations). In underwater 
conditions (D), the predictions are far from the y = x line, suggesting that these contacts do not follow the conformal model. The (Wint)L value of 73 mJ/m2 was determined 
using Eq. 3.
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change during the loading cycle. The actual radius of contact chang-
es with load, and this is captured using the JKR model.

We compared the measured adhesion values during approach to 
those expected from the thermodynamic work of adhesion using 
the Persson-Tosatti contact mechanics model (23), which predicts 
that the apparent work of adhesion (Wapp) for rough surfaces is af-
fected by two factors. One factor increases Wapp due to an increase 
in the real contact area as compared to the projected contact area, 
rtrue = Atrue/Aapp. The second factor reduces Wapp due to the elastic 
energy required to deform the soft elastomer. For a conformal con-
tact, the roughness of a deformed elastomer is the same as that of the 
rough solid surface. Wapp is expressed as

where Uelastic is the elastic energy required to achieve conformality. 
The second term in Eq. 1 was introduced by Dalvi et al. (7) to ac-
count for the additional surface energy needed for PDMS to con-
form to the rough solid substrate. If the experiments are conducted 
in air or underwater, then the intrinsic (thermodynamic) work of 
adhesion, Wint, will be a function of the surface energies measured 
in air or underwater. In Eq. 2

of 41.8 mJ/m2 is measured using the water contact angle on PDMS 
and Young’s equation. Figure 1D shows a comparison between the 
experimental and theoretical predictions (Eq. 1) for Wapp under wa-
ter. The experimental values are much lower than those predicted by 
the Persson-Tosatti model for conformal contact, pointing toward a 
breakdown of the conformal contact model and the trapping of water.

In Fig. 2, we plotted the experimental underwater adhesion values 
measured in retraction (WPull−off). In these experiments, the lenses 
were retracted with a continuous velocity of 60 nm/s, and the work of 
adhesion during retraction was calculated using the JKR model (sec-
tion S4 and equation S11). The adhesion values in retraction (pull-
off) (table  S5) were four to five times higher than those predicted 
from Eq. 1 (conformal contact model) and six to seven times higher 
than those experimentally measured during approach. Observing ad-
hesion hysteresis (i.e., differences between approach and retraction) 
is not unusual for rough surfaces in dry environments (7).

Two common explanations for adhesion hysteresis (differences 
between adhesion energy measured during retraction and approach) 
are the viscoelasticity of elastomers and/or polarity of the solid sub-
strates used in the JKR experiments. Here, we have measured the 
adhesion during approach and retraction cycles for PDMS lenses in 
contact with a low-energy smooth surface (section  S1). Both ap-
proach and retraction data could be fitted using the JKR model with 
small hysteresis (table S1, less than 10 mJ/m2). In addition, in this 
study, we have used low-energy diamond surfaces to ensure that the 
polar interactions are minimized. This indicates that the high adhe-
sion hysteresis observed here was not caused by the viscoelasticity of 
the PDMS lenses nor polar interactions but instead could be due to 

Wapp = (Wint)αrtrue − γPDMS−α(rtrue − 1) −
Uelastic

Aapp
(1)

(Wint)α = γS−α + γPDMS−α − γS−PDMS (2)

the symbol α is used to denote experiments conducted in air (A) or 
in water (L). We used subscript S for the diamond surface.

In Fig. 1C, we compare the experimentally measured values of 
Wapp as a function of the predicted Wapp as calculated using Eq. 1 for 
the experiments conducted in air. We used an average γPDMS − (A) 
value of 23 mJ/m2 based on values reported in the literature (26, 27). 
The Uelastic term was calculated with the Persson- Tosatti model us-
ing the PSDs for the rough diamond surfaces (fig. S3) and the four 
different moduli for PDMS (table S1). We used (Wint)A as a fitting 
parameter and obtained a value of 41.9 ± 3.7 mJ/m2 based on the 
highest R2 value. This value is same as the thermodynamic limit for 
the two nonpolar solids that interact through dispersive interactions 
(28). In our previous publication, we obtained relatively lower Wint 
and R2 values due to the calculation of area ratios (rtrue) with a small 
slope assumption (7), while we have used the complete nonlinear 
expression (eq. S9) for calculating area ratios here. The high R2 val-
ues we obtained strongly support the conclusion that the diamond/
PDMS contact interface is conformal; thus, adhesion can be pre-
dicted using Eq. 1.

For underwater adhesion, (Wint)L can be determined by measur-
ing the water contact angle on PDMS, (θPDMS−L)A, and on the 
smoothest diamond surface (PUNCD), (θS−L)A (5). This calculation 
yields the thermodynamic adhesion value for a dry contact 
created  in  underwater  conditions.  Combining  Eq. 2  with   the  
Young- Dupré equation yields 

(Wint)L = (Wint)A − γL−A[cos(θPDMS−L)A + cos(θS−L)A] (3)

the (Wint)A value obtained from Fig.  1C and the measured water 
contact angles [(θPDMS−L)A = 105° ± 2° and (θS−L)A = 99.6° ± 1°], we 
obtained a (Wint)L of 73 mJ/m2. This thermodynamic value is similar 
to the adhesion for hydrophobic PDMS in contact with a hydropho-
bic self- assembled monolayer or in contact with another PDMS sur-
face under water (~75 mJ/m2) (6). The interfacial energy γPDMS−(L) 
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Fig. 2. Underwater work of adhesion during retraction compared with expec-
tations from the thermodynamic work of adhesion. Experimental values for the 
pull-off work of adhesion are shown for PDMS against rough diamond surfaces as a 
function of predicted Wapp (using Eq. 1). The values are also reported in table S5 
(section S4). The horizontal lines (blue dotted for PUNCD, red double dashed for 
UNCD, yellow dashed for NCD, and green dash-dotted for MCD) show the upper 
limits on WPull−off, which are calculated by (Wint)Lrtrue, assuming that the contacts in 
retraction are conformal and lose energy for complete contact area due to rough-
ness. The observation that most of the contacts show higher WPull−off values as 
compared to Griffith’s limit is supported by the energy loss (adhesion hysteresis) 
curves shown in fig. S6.
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the roughness of the diamond surfaces. To check whether the high 
WPull−off values in our underwater experiments arise due to rough-
ness or increased area, we plotted the Griffith upper limit (horizontal 
lines in Fig. 2) for WPull−off, i.e., (Wint)Lrtrue. Griffith’s values will be 
observed only if the two surfaces completely conform under water 
and if energy is lost due to roughness for the entire contact area (7). 
Unexpectedly, most WPull−off values are even higher than the upper 
limit expected from Griffith’s criteria. The combination of roughness 
and water leads to unexpected observations that are not explained 
by our current understanding.

To test the presence of water or the conformality of surfaces after 
contact formation, we performed surface-sensitive sum-frequency 
generation (SFG) spectroscopy of the contact interface between a 
rough surface (UNCD) and PDMS using the geometry shown in 
Fig. 3. The thin layer of UNCD was deposited on a sapphire prism, 
and SFG measurements were conducted using a total internal reflec-
tion geometry where the signals were not generated from the bulk 
phases (water, diamond, or PDMS) but only from the interface. Fig-
ure 3 shows SFG spectra for UNCD/air, UNCD/water, and UNCD 

in contact with the PDMS lens under water. For the UNCD/air in-
terface, we observed peaks at 2838 and 2920 cm−1 that are assigned 
to the surface C─H stretching bands of monohydride H-terminated 
C(111) and C(001)-(2 × 1) reconstructed diamond crystallographic 
planes, respectively (29–31). A relatively small C─H stretching band 
at 2867 cm−1 originated from defects at grain boundaries or regions 
where the C(111) is partially H-terminated (30). The complete as-
signment of peaks in the SFG spectra is summarized in section S5 
(table  S6). The presence of multiple sharp C─H stretching bands 
demonstrates the polycrystalline nature and H-termination of the 
UNCD surface. The SFG spectroscopy in this geometry can result in 
signals from the diamond/sapphire interface as well. However, we 
do not anticipate any resonance signals from sapphire or nonhydro-
genated diamond surfaces in this infrared (IR) region. Sapphire sur-
faces are typically decorated with surface OH groups, and the 
high-temperature process of the plasma-enhanced chemical vapor 
deposition (PECVD) process has resulted in removing those OH 
groups (as evident from no signals between 3500 and 3700 cm−1 in 
Fig. 3 collected in the presence of air).

Fig. 3. Surface-sensitive spectroscopy results confirm the presence of trapped water and the nonconformal nature of the contact interface. SFG spectra for 
UNCD/air (red open triangles), UNCD/water (orange open squares), and UNCD/PDMS contact formed underwater (black open circles) interfaces in PPP (P-polarization 
SFG, P-polarization visible, and P-polarization IR). The images on top show three scenarios for which the SFG spectra were collected. UNCD thin film (~100 nm) was depos-
ited on a sapphire prism using PECVD (details in section S2). The C─H (2750 to 3000 cm−1) and O─H (3000 to 3800 cm−1) vibrational stretching regions are shaded in light 
green and blue. The spectra are shown in arbitrary units (a.u.), and are vertically offset for visualization. All spectra are fitted with multiple peaks using the Lorentzian 
function (eq. S12), and the fitting parameters along with peak assignments are tabulated in table S6. The presence of water bands at the UNCD/PDMS interface under 
water (black open circles) reveals the nonconformal nature of the rough adhesive contact. We followed the same procedure for contact formation between the PECVD-
coated sapphire prism and the PDMS lens as used in the adhesion measurements. 
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For the UNCD/water spectrum (Fig. 3), water-stretching bands 
in the 3000- to 3800-cm−1 region were observed in addition to the 
C─H bands. This region of the SFG spectrum reveals three popula-
tions of surface water molecules: strongly H-bonded water (3000 to 
3200 cm−1); H-bonded water, similar to that observed in liquid water 
(3200 to 3500 cm−1); and weakly bonded water (3600 to 3800 cm−1), 
particularly those with hydroxyl groups facing toward ─CH groups 
on the diamond (hydrophobic) surface (32, 33). After bringing 
PDMS in contact with UNCD underwater, we continued to observe 
water peaks between 3400 and 3800 cm−1, confirming the noncon-
formal nature of contact with trapped water, which indicates a loss of 
molecular contact and qualitatively explains the differences observed 
between the experimental and theoretical adhesion values as shown 
in Fig. 1D. In the past, we have reported SFG measurements for the 
contact between two smooth surfaces underwater (6). For hydro-
phobic surfaces, as expected, we observed a completely dry contact 
and no traces of water signals in the SFG spectra. In contrast for 
PDMS in contact with a hydrophilic sapphire surface, we observed a 
nanometer-thin layer of trapped water. This technique is capable of 
distinguishing between dry and wet contact interfaces (6).

Our results indicate a nonconformal contact for soft elastomers 
in contact with rough diamond surfaces with trapped water. This 
trapped water results in a reduction in adhesion energy during ap-
proach and unexpectedly high adhesion during retraction. Next, 
we discuss a generalized adhesion model to predict underwater ad-
hesion during approach and the role of heterogeneous contact in 
increasing the work of adhesion during retraction.

DISCUSSION
Trapped water reduces contact area during approach
To quantitatively explain the low adhesion observed during ap-
proach, we need to understand how to account for nonconformal 
contact. Here, we used the idea behind the Persson-Tosatti model to 
develop the following generalized adhesion model (Fig.  4A). This 
model is derived on the basis of the work per unit area, Wapp, done 
to create a contact between an elastomer and a solid rough surface 
considering the surface energy and elastic energy required to de-
form the PDMS elastomer (the details of the derivation are discussed 
in section S6)

Since the contact is nonconformal, we defined the fraction of 
PDMS area in direct contact with diamond surfaces as fS = 
APDMS−S/Aapp and the fraction in contact with water as fL = 
APDMS−L/Aapp, where APDMS−S and APDMS−L are the areas of PDMS 
in contact with diamond (solid) and water (liquid), respectively. The 
quantity (fS + fL) is equal to the new surface area of PDMS after 
contact underwater, and this quantity is greater than or equal to 1. 
Uelastic is the elastic term derived by the Persson-Tossati model, pro-
vided that we know the new PSD for the nonconformal PDMS con-
tact. This generalized model (Eq. 4) reduces to a conformal model 
(Eq. 1) if we plug fL = 0 and fS = rtrue. For nonconformal contacts, 
although Eq. 4 makes no approximation, it contains three terms that 
cannot be directly measured using only the adhesion data: fS, fL, and 
Uelastic(Cnew). The terms (Wint)L and γPDMS−L were determined ex-
perimentally and were found to be 73 and 41.8 mJ/m2, respectively.

To reduce the unknown parameters in Eq. 4 by one, we assumed 
that the PDMS elastomer underwater contact with a diamond sur-
face is similar to that of an uncross-linked PDMS liquid droplet in 
contact with a diamond surface underwater. The use of PDMS liquid 
ensures that this system is chemically identical to that of the PDMS 
elastomer. We expect that the trapped water is similar in both the 
elastic PDMS and the liquid PDMS contact interface because the 
process is controlled by the contact force generated due to adhesion 
rather than the external load (34, 35). For smooth surfaces, past 
studies have shown that the adhesion energy measured using contact 
angles was comparable to those measured using mechanical mea-
surements (26, 36). Specifically, in a study carried out by Defante 
et al. (6), we showed that the adhesion energy measured using 
JKR measurements for PDMS in contact with a self-assembled n-
octadecyltrichlorosilane (OTS) monolayer agreed with the adhesion 
energy measured using the Young-Dupré equation using liquid 
PDMS in contact with OTS monolayers. This direct comparison be-
tween the JKR model and the Young-Dupre equation assumes that 
the heterogeneity in the contact region is also reflected in the con-
tact line (6). The contact angles, (θPDMS−S)L, of liquid PDMS on the 
four rough diamond surfaces under water can be related to fS and fL 
using the Cassie-Baxter equation

where the term (θ∗PDMS−S)L is the thermodynamic contact angle of 
PDMS on a smooth diamond surface under water, as determined us-
ing the Young-Dupré equation and the PDMS-diamond underwater 
work of adhesion.

To obtain information about the two other unknown parameters 
in Eq.  4 requires additional simplifications. We hypothesized that 
the PDMS-water interface is flat; this allows us to relate APDMS−L to 
the projected area of the diamond-water interface ADW−P, where 
ADW is the area of the diamond surface in contact with water (fig. S5). 
This simplification is justified, as the hydrophobic PDMS would tend 
to minimize its area in contact with water, which would result in a 
flatter PDMS-water interface. In addition, we assume that the area 
ratios of the diamond surface are similar in dry and wet regions, 
which means that ADW/ADW−P = Atrue/Aapp = rtrue. These simplifica-
tions allow us to write fL as ADW−P/Aapp = ADW/(rtrueAapp) = (Atrue − 
APDMS−s)/(rtrueAapp) which yields

We solved Eqs. 5 and 6 simultaneously for fS and fL, and the val-
ues are reported in Table 1. The new area ratio (Anew/Aapp) of PDMS, 
which is equivalent to (fS + fL), is also shown in Table 1.

The last unknown parameter in Eq. 4 is the energy stored in the 
deformed elastomer, Uelastic(Cnew), which depends on the new PSD of 
the PDMS.  Since there exist no experimental or theoretical ap-
proaches for calculating PSD, we plotted the comparison between the 
experimental results and the theoretical predictions for underwater 
Wapp using Eq. 4 based on two limits for Uelastic.

The first limit is Uelastic(Cnew) = 0, which represents no deforma-
tion of the PDMS elastomer (Fig. 4B). As anticipated, all the pre-
dicted Wapp values are found to be higher than those observed 
experimentally as no elastic penalty is considered. The Wapp without 
the elastic term (Table  1) is similar to Wapp calculated using the 
Young-Dupré equation, γPDMS−L[1 + (θPDMS−S)L] (Table 1). One can 

Wapp = fS(Wint)L − γPDMS−L(fS + fL − 1) −
Uelastic(C

new)

Aapp
(4)

cos(θPDMS−S)L = fScos(θ
∗
PDMS−S)L − fL (5)

fL = 1 −
fS
rtrue

(6)
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show that first two terms in Eq. 4 are the same as the Young-Dupré 
equation for liquid PDMS in contact with rough surfaces underwa-
ter, provided that fS and fL are similar for a solid PDMS and liquid 
PDMS in contact with these rough diamond surfaces.

The second limit is the point where PDMS completely conforms 
to the diamond surface (Fig. 4C). For the case where Uelastic(Cnew) = 
Uelastic(C), C is the PSD of the rough diamond surface. We found an 
excellent agreement of the experimental results and the theoretical 
predictions if we use Uelastic(Cnew) = Uelastic(C). This observation is 
unexpected, since the use of a conformal limit on elastic energy 
in Eq. 4 would be inconsistent with the use of the area fractions, fS 
and fL, which predict that nearly 50% of the contact area contains 
trapped water.

To better understand these results, we plotted the normalized 
elastic strain energy [Uelastic(qCut)/Uelastic(C)] and new area ratio 
[Anew(qCut)/Atrue(C)] of PDMS elastomer in nonconformal contact 
with four rough diamond surfaces as a function of qCut (the length 
scale until which the contacts are conforming) in Fig. 5A. We ob-
served that Uelastic reaches the values expected for conformal contact 
at much lower values of qCut as compared to the area ratio, consistent 
with the expectations that the elastic energy is controlled by smaller 
q or larger length scales (λ), while the area ratio is controlled by 
larger q or smaller length scales (λ). We also plotted the values of 
(fS + fL)/rtrue or Anew/Atrue from Table 1 to find where they intercept 
with the predictions of the area ratio (Fig. 5A). The intercepts occur 
at values of qCut where the elastic ratio is close to 1 (vertical dashed 

Fig. 4. Nonconformal adhesion model explains the loss of underwater adhesion during approach. To achieve partial contact under water, (A) the initial state (left) 
of the elastic body must undergo a change in area and store elastic strain energy as depicted by the intermediate state (middle). The underwater partial contact between 
PDMS elastomer and rough diamond substrates (right) results from water entrapment. Predictions of underwater adhesion using a generalized adhesion model (Eq. 4) 
with two limits on stored elastic strain energy: (B) Apparent work of adhesion as computed using Uelastic(Cnew) = 0 (corresponding to the first limit in the main text) and 
(C) using the second limit, where Uelastic(Cnew) is set to the value that is equal to the stored elastic strain energy when the contacts are conformal.

Table 1. Summary of dry and wet contact areas and work of adhesion calculated using Young-Dupré model. True area ratios were calculated using eqs. S8 
and S9. PDMS contact angles were measured underwater for PDMS liquid in contact with rough diamond surfaces. Percolation thresholds for PDMS-solid 
contacts and new area ratios for PDMS in contact with diamond substrates are calculated using Eqs. 5 and 6. In addition, Wapp calculated using the first two 
terms in Eq. 4 and work of adhesion calculated using the Young-Dupré equation for PDMS liquid-diamond contacts underwater are also reported. For PUNCD, 
no calculations were performed as the liquid PDMS shows a range of contact angles on PUNCD pointing toward an unstable contact interface.

Substrate rtrue (θPDMS−S)L fS fL

(

Anew

Aapp

)

Dry percolation 
(ϕDry = 1 − fL)

Wapp (Eq. 4) with 
Uelastic(Cnew) = 0

Work of adhesion 
Young-Dupré (mJ/m2)

PUNCD 1.07 59.7°– 83.0° – – – – – –

UNCD 1.70 79.6° ± 2.3° 0.88 0.48 1.36 0.52 49.2 49.3

NCD 1.49 94.7° ± 2.8° 0.65 0.55 1.20 0.45 39.1 38.4

MCD 1.43 88.7° ± 0.3° 0.71 0.51 1.22 0.49 42.6 42.7
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lines; values reported in table S7), supporting the argument that a 
large fraction of the high-​q asperities (nano-asperities) are wet, 
while the smaller-​q asperities form conformal contacts (fig. 5B).

Trapped water increases the adhesion during retraction
The results indicating that the retraction adhesion values are much 
higher than the expected thermodynamic values are very intriguing, 
considering that nearly 50% of the contact area is in contact with 
water. The increase in underwater adhesion during retraction cannot 
be accounted for by the roughness-induced energy loss or by the in-
creased area (Griffith-like model), as had previously been suggested 
to explain the adhesion hysteresis for dry contacts (7). In fig. S6 (sec-
tion S8), we show the energy loss for underwater contacts as a func-
tion of the true contact area. For underwater contacts, the energy 
loss points lie above Griffith’s limit (i.e., the energy loss expected for 
complete conformal contact). The upper limit should also be an 
overestimation, since a substantial fraction of the area is wet, and the 
wet regions would disrupt molecular interactions. Therefore, it is 

puzzling why the crack cannot just propagate into the liquid-filled 
region and reduce adhesion during retraction.

A recent model explains the origin behind higher adhesion dur-
ing retraction for soft elastomers in contact with rough surfaces in 
dry conditions due to pinning of the contact line (8, 9). In this mod-
el, the variation in local values of work of adhesion leads to pinning 
of the interface and enhanced adhesion hysteresis. The pinning 
model would predict that the adhesion hysteresis, specifically the 
difference in Wapp between approach and retraction, should increase 
with an increase in Uelastic. For the case of underwater adhesion, 
we observe an opposite trend [fig. S7 (section S9)] where adhesion 
hysteresis decreases as a function of Uelastic. Both lower modulus 
and less-rough surfaces enhance adhesion hysteresis. This indicates 
the need for considering hydrodynamic and capillary effects with 
pinning in explaining the retraction data.

The unusual trend with trapped water has been observed to in-
crease friction against smooth surfaces (6, 21). In this past example, 
it was anticipated that a partially wet contact region should have low 
friction compared to a completely dry contact when these friction 
experiments were conducted under water. Instead, they observed the 
opposite case where the friction was higher for a partially wet con-
tact compared to a dry contact. In those experiments, roughness also 
enhances underwater adhesion during retraction by almost a factor 
of four compared to the thermodynamic work of adhesion based 
on surface chemistry (21). For dry adhesion, patterned heterogene-
ity has also been exploited to increase pull-off forces (37, 38).

Last, we want to discuss the possibility that the nonconformal 
contact could be due to low-density phase pockets (nanobubbles) 
reported to form next to hydrophobic surfaces (39). Bubbling nitro-
gen is expected to reduce the amount of dissolved oxygen and re-
duce the formation of nanobubbles, which is the procedure used 
here (39). Studies using x-ray reflectivity and SFG on stable hydro-
phobic surfaces in contact with water do not show any evidence for 
nanobubbles (40–42). The SFG results presented here confirm the 
presence of trapped water, instead of trapped nanobubbles. However, 
the question remains whether these low-density pockets are formed 
during retraction. Both the presence of water pockets or water va-
por–rich pockets would result in heterogeneous contact and would 
enhance adhesion hysteresis and raise adhesion during pull-off. A 
theoretical model that considers all these factors to explain the re-
traction results is the focus of our future work.

In summary, we have measured the underwater adhesion be-
tween PDMS elastomers and well-characterized rough diamond 
surfaces. By comparing the extracted work of adhesion during ap-
proach with a nonconformal contact adhesion model, we showed 
that water is trapped in 10-nm-scale asperities between the soft hy-
drophobic elastomer and the rough diamond substrates. Both the 
reduced contact area and the elastic energy required to deform the 
elastomer explain the reduction in adhesion energy during ap-
proach. However, this effect of trapped water occupying almost 50% 
of the apparent contact area serves to increase the adhesion during 
retraction by nearly a factor of four above the thermodynamic work 
of adhesion. These results reveal the inadequacy of dry contact 
models to describe wet contacts and demonstrate the alternative 
mechanisms that govern underwater adhesion. This work highlights 
opportunities for designing surfaces with controlled topography 
and surface chemistry to optimize the performance of adhesives for 
use in wet environments. There exist intriguing examples in nature 
that use topology and chemistry to either increase or decrease 

Fig. 5. Water entrapment in nanometer-scale asperities decreases the work of 
adhesion during approach. (A) Normalized elastic strain energy and new area ra-
tio are plotted as a function of the wave vector integrated between qL (lower limit) 
to qCut (table S7). The horizontal dashed arrows show the Cassie-Baxter predictions 
for the area ratios of PDMS elastomer, and vertical dotted lines represent the qCut 
where those area ratios are achieved. The vertical dotted lines drawn at those par-
ticular qCut values are extended to estimate the fraction of stored elastic energy in 
PDMS that is conformal at each length scale. Open circles on the elastic energy 
curves demonstrate the qCut values at which the stored elastic energy is saturated. 
This understanding of the dependence of adhesion parameters on length scale 
helped in visualizing a simple contact model. (B) At lower magnifications, the elas-
tic contact seems to conform perfectly; however, at the smaller length scales, water 
becomes entrapped when the qCut is exceeded.
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adhesion under water and in humid conditions (14, 15, 43–46); this 
work provides rigorous experimental results and a simple numerical 
model that may explain the science behind these adaptations.

MATERIALS AND METHODS
Rough polycrystalline diamond surface preparation 
and characterization
UNCD, MCD, and NCD substrates were prepared by chemical va-
por deposition using the parameters described elsewhere (47, 48). 
PUNCD was obtained by performing chemical mechanical pla-
narization. The as-received diamond samples were hydrogenated in 
microwave plasma. The details of these processes as well as the reci-
pe and process conditions for preparing the UNCD-coated sapphire 
prism for SFG spectroscopy are provided in section S2. The surface 
chemistry of these diamond substrates was characterized by collect-
ing x-ray photoelectron spectroscopy survey scans (shown in fig. S1) 
and measuring the water contact angle and contact angle hysteresis 
(reported in table S2). In addition, the surface roughness was char-
acterized across all length scales, and the resulting roughness pa-
rameters are provided in table S3 (section S3). SFG spectroscopy of 
the UNCD-coated sapphire prism was carried out for three contact 
interfaces as shown in Fig. 3. Details for the SFG spectroscopy and 
the corresponding fitting parameters for the spectra are provided in 
section S5.

Underwater adhesion measurements
The JKR contact mechanics experiments were performed using the 
custom-built setup shown in Fig. 1A. Millipore water (with a volume 
resistivity of 18.2 megohm·cm) used in the experiments was deaerated 
with nitrogen to remove the dissolved oxygen and reduce the pos-
sibility of cavity formation during PDMS/diamond (hydrophobic-
hydrophobic) contact (39). Optically clear hemispherical PDMS 
lenses and rough diamond surfaces were submerged under the sur-
face of the water before the start of the experiments. The dimensions 
of the hemispherical PDMS lenses were selected in such a way that the 
radius (1.2 to 1.4 mm) was below the capillary length of PDMS, and 
the height (greater than 700 μm) was sufficient to prevent the transfer 
of stress from the lenses to the glass arm holding the lenses (5, 49). The 
stage holding the diamond surface was moved toward the PDMS lens 
at a velocity of 60 nm/s using a stepper motor. In-situ measurements 
of contact force (P) and contact radius (a) were carried out. Experi-
mental a3 versus P data for 16 different PDMS/diamond contacts were 
plotted and fitted to eq. S10 (section S4) to extract E* (effective modulus) 
and Wapp (apparent/observed work of adhesion). E* depends on the 
elastic moduli of the two materials in contact and their Poisson ratios: 
1∕E∗ = (1 − ν2

PDMS
)∕EPDMS + (1 − ν2

Diamond
)∕EDiamond . For rigid di-

amond substrates, the quantity EDiamond tends to infinity. Using the 
Poisson’s ratio for PDMS, νPDMS of 0.5 (for perfect elastic systems), the 
EPDMS can be calculated. The large refractive index difference between 
diamond (n1 = 2.4) and PDMS (n2 = 1.43) provided the contrast to 
measure the contact area underwater by collecting scattered light. The 
contacts were loaded in a stepwise fashion to a force of 1 mN. A 1-min 
equilibration time was given at each step to allow the system to 
stabilize.

Underwater PDMS contact angle on rough diamond surfaces
The diamond substrates were immersed under deaerated Millipore 
water in a transparent quartz container. Sessile drops of uncured PDMS 

polymers (DMS V-05, V-21 and V-31 from Gelest Inc.) were 
pumped through a glass syringe and brought into contact with the 
diamond substrates under water. The adhesive forces were adequate 
to pull down a PDMS droplet. The contact angle reached an equilib-
rium within 10 s after bringing the PDMS droplet into contact with 
the diamond surfaces. We collected the contact angles using a goni-
ometer (DSA100E, KRUSS) after an elapsed time of 30 s. To confirm 
the stability of the measured contact angles, the system was dis-
turbed by tapping the goniometer stage by hand and poking a metal 
needle into the PDMS. The underwater PDMS contact angles on 
rough diamond surfaces were found to be stable and are reported 
in Table 1 as (θPDMS−S)L. The effect of molecular weight and viscos-
ity of PDMS polymer on the measured equilibrium contact angles 
was negligible.
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