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Final Report  
1. Introduction 

Many organisms have evolved structures with features that result in remarkable surface 
mechanical properties such as enhanced, reversible, and tunable adhesion, friction, and contact 
compliance [1].  Often surface mechanical properties are obtained by manipulation of near-
surface architecture, and these rely primarily on non-covalent interactions such as van der Waals, 
electrostatic, acid-base, and hydrophobic/hydrophilic forces. Combinations difficult to obtain in 
synthetic materials, such as actively switchable properties and high selectivity, are routinely 
achieved in nature.  Many biomaterials and synthetic biomimetic materials are very “soft” or 
compliant compared to conventional engineering materials (e.g., metals and ceramics) and 
consequently phenomena governing their deformation can be quite different.  The role of the 
surface itself in resisting or driving deformation, commonly ignored for conventional stiff materials, 
plays an important and sometimes dominant role in all surface mechanical phenomena for soft 
materials.   

Examples of architectures in nature that determine interesting surface mechanical properties 
span the length scale from the molecular (shape and charge recognition between folded proteins) 
to millimeter-scale attachment devices (contacting and attachment surfaces in insects and 
lizards).  One often finds that a very similar architectural motif has evolved across a number of 
species, using different materials, in response to a given need.  Mechanisms have been found for 
permanent strong adhesion, as in mussels [2, 3], or for strong, but reversible, adhesion suitable 
for locomotion, as in lizards [4].  Less studied are complementary internal attachment structures 
such as those that arrest head movement and lock wings in insects and plants that create 
complementary surfaces to adhere to rough boulders [1]. The idea of building up complex 
behavior via architecture by using a handful of generic materials properties and non-covalent 
interactions is particularly relevant to the materials science of bioinspiration and biomimckry 
because, once motifs and ideas from nature are understood, a similar approach can be followed 
synthetically.  The philosophy of our work has been to design surfaces with controllable surface 
mechanical properties based on this idea.  Structures are designed at the meso-scale (~microns), 
intermediate between the molecular and macroscopic length scales.  In this way one can obtain 
advantageous coupling between control of properties by surface chemistry and near-surface 
architecture.   

In previous work supported by this grant, we studied surface mechanical properties of a variety 
of biomimetic surfaces.  We demonstrated how highly enhanced and switchable adhesion and 
static friction can be designed and were able to develop detailed quantitative models for the 
relationship between geometrical and materials parameters, and properties.  The majority of the 
work in this field, including most of our own early work, has been focused on one-sided materials.  
More recently, we have focused on two-sided systems, mimicking attachment systems in 
organisms that use shape complementarity to endow interfaces with highly enhanced and 
selective adhesion and friction.  We discovered the spontaneous appearance of meso-scale 
dislocations at interfaces between shape-complementary patterned surfaces and studied how 
their geometry and materials properties govern macroscopic adhesion and friction.  Our second 
major thrust was to study the influence of surface properties, specifically the surface stress, in 
mechanical phenomenon involving soft materials.  We showed that solid surface stress often 
plays a very significant and pervasive role and this requires a re-thinking of several canonical 
surface mechanical phenomena such as adhesive contact, wetting, fracture and surface-stress-
driven shape change.  
 
2. Background  

Enhanced adhesion and selectivity between contact surfaces are highly desirable and have 
the potential for novel design of high-level functional materials.  In nature, biological attachment 
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devices are functional systems for temporary or permanent attachment of an organism to the 
substrate, to another organism, or temporary interconnection of body parts within an organism. 
Their design varies enormously in relation to different functional loads [1].  For example, patterns 
of protuberances of different origin on surfaces play important roles in animals’ locomotion, such 
as in insects, spiders, and lizards [4, 5].  Studies of these structures have shown that the contact 
mechanical properties (including adhesion and friction) can be modified by near-surface 
architecture independent of the surface chemistry. Within the last decade, the development of 
these bio-mimetic and bio-inspired structured surfaces has been pursued actively by many 
research groups.  For the sake of brevity, we do not attempt here to review the subject; it can be 
found in recent reviews [5, 6].  

     Although bio-inspired attachment systems have been studied widely, most of the recent 
work has been on the adhesion and friction of one-sided surface structures against a generic flat 
surface.  There are relatively few studies on the use of surfaces with complementary architectures 
despite the fact that there are plenty of matched or complementary surfaces in nature.  For 
example, insects use interlocking hard claws to attach to a wide variety of substrates [1, 7].  An 
interlocking meso-scale structure is responsible for attachments in the dragonfly head-arresting 
system [8].  At the much smaller length scale of intermolecular associations, it is well-known that 
two nucleotides on opposite complementary DNA or RNA strands are connected via hydrogen 
bonds [9] and formation of protein-protein complexes is based on shape complementarity [10].  
Selectivity in adhesion can also be achieved by surface chemistry [11, 12].   A celebrated example 
of achieving adhesion using mechanical complementary is Velcro® which uses a loop-clasp 
mechanism [13].  Recent studies have shown that complementary structured surfaces have 
strongly enhanced adhesion [14-16] on the first separation of an as-molded shape-
complementary interface.  The more difficult question is: if shape-complementary patterned 
substrates are separated and then pressed into contact, will complementary shapes inter-
penetrate sufficiently and with high recognition/selectivity?  We showed [17] that highly selective 
adhesion can be achieved between complementary elastic surfaces patterned with ripples after 
they have been separated and re-pressed together. We also showed that highly selective 
adhesion, with enhancement of up to a factor of 40 and selectivity of a factor of 160, can be 
achieved with pillar-channel complementary surfaces [18].  Misorientation is accommodated by 
line defects that are essentially twist boundary screw dislocations [19, 20].  These findings 
connect the science of soft materials to the materials science of crystal dislocations.  In particular 
it raises several intriguing and unanswered questions about whether and how arrays of dislocation 
line defects on the surface of soft materials can be engineered to control interfacial properties. 

The importance of surface energy in surface science is well established.  However, a closely 
related but different quantity (one is a scalar, the other a 2D tensor), surface stress, is often 
neglected because its effects are usually felt over a characteristic length scale, the elastocapillary 

length, σ/E, where E is the Young’s modulus and the magnitude of the surface stress. (For an 

isotropic solid surface, the stress tensor is an isotropic tensor and is usually called the surface 
tension, which need not be the same as surface energy of the solid.)  For conventional stiff 
materials (metals and ceramics) its value is generally immeasurably small [21, 22].  However, 
biomaterials and materials commonly used in biomimetics, such as elastomers like 
polydimethylsiloxane (PDMS) and hydrogels, are often very “soft” or compliant compared to 
conventional engineering materials.  For example, if we attempt to make a sharp edge in a soft 
elastic solid, say by molding against a sharp corner in a hard material such as silicon, the radius 
of curvature to which the sharp edge will relax due to surface stress is on the order of the 
elastocapillary length [21].  While its value for conventional materials is sub-Angstrom, it is in the 
tens of nm for PDMS and can be tens of microns or larger for hydrogels.  Since the importance 
of surface stress is determined by the ratio of capillary length to the size of a device, small 
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structures are particularly sensitive to it.  For these reasons, surface stress can play a significant 
and sometimes dominant role in all surface mechanical phenomena of compliant biomimetic 
materials and biomaterials. 

That the significant role of surface stress requires a re-thinking of all surface mechanical 
phenomena has sparked many new investigations over the last five years to which our 
contributions are described in more detail in the next section.  Adhesion, locomotion, and 
proliferation of biological cells depends on surface mechanical properties; cells will propagate 
from the softer to the stiffer portion of a substrate and exert tractions  which results in surface 
creases.  How cells sense the softness of a substrate and use its deformability to generate 
feedback signals for their intracellular processes is, however, far from understood [23].  
Importantly, the role of surface stress of the deformed surface on the response of the cell has 
generally been ignored but there is new evidence that it can play a significant role in directing cell 
behavior.  The role of surface stresses is much clearer if we look at simpler systems.  For example, 
compliant solid cylinders undergo an instability analogous to the Rayleigh-Plateau instability of a 
liquid in which surface stress defines the characteristic length scale [24]; surface stress flattens 
or rounds off solid surfaces by deformation [25-28].  The Hertz and Johnson-Kendall-Roberts 
theories for adhesion-less and adhesive contact [29], respectively, widely use to interpret 
indentation data, are no longer applicable and have to be reformulated [30-34].  Jerison et al. [35] 
showed that solid surface stress influences the elastic substrate deformation due to a contact line.  
Crosby and co-workers [36] have designed a device to measure mechanical properties of soft 
tissues by bubble growth under pressure, where both the surface stress and elasticity resist 
growth.  We have recently demonstrated that the contact angle of a liquid drop on a compliant 
surface is not a material property – it cannot be predicted by Young’s equation – but depends on 
the surface stress of the solid substrate as well as its elasticity [37].  In addition, we have recently 
shown that the deflection of thin films of relative stiff materials can be substantially affected by 
surface stress of the film and it is possible to exploit this phenomenon to measure solid surface 
stress [38, 39].  

The intensely investigated role of surface stress addresses only the simplest constitutive 
behavior that a soft solid surface can have.  Compare, for example, the situation in fluids.  For 
simple single-component fluids the dominant surface property is its surface tension.  This is 
analogous to the current understanding of simple soft solids.  However, when a strong surfactant 
adsorbs at the fluid-vapor interface, the complex fluid surface that forms exhibits a full range of 
rheological behavior [40].  The majority of work reported so far takes the influence of the solid 
surface to be represented by an isotropic, homogeneous, and strain-independent stress [41].  
However, it has long been known that surface stress can be strain dependent [42].  In particular, 
Gurtin and Ian Murdoch [43] raised the question of whether solid surfaces possess elasticity 
(surface Lame’ constants) in addition to a residual surface stress and this has recently been 
demonstrated experimentally [44].  Gurtin and Ian Murdoch [43] also raised the possibility that the 
surface can store energy in bending but this issue has received little attention.  This is despite the 
fact that there exist several systems where this is patently true; we cite two.  The first is the lipid 
bilayer, representative of an interface between two aqueous phases.  Thus, if the osmotic 
pressure across the bilayer is balanced, there is negligible surface stress. Nevertheless, 
resistance to stretching is high since deformation of the bilayer conserves area and the 
Hamiltonian of the interface is dominated by bending energy [45, 46].  A second case is where a 
new phase separates a soft solid from the fluid phase – a well-known example is where a glassy 
film a few nm thick forms on the surface of an elastomer (e.g., PDMS) exposed to oxygen plasma 
or UV ozone [47, 48].   

 
3. Report on Work Performed 
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We focused on two problems: 
 
(a) What is the geometry of defects between patterned interfaces in soft materials? How are 

they related to interfacial mechanical properties?  Based on previous discoveries of the 
spontaneous formation of line defects at the interface between patterned shape-
complementary interfaces, we undertook a systematic study of the geometry of these 
defects and how that affects adhesion and friction. 

 
(b) What is the role of surface-stress or solid capillarity in soft materials? We studied by 

experiment and theory several phenomena in which solid capillarity plays an important and 
sometimes dominant role in, e.g., shape change due to surface stress, wetting, adhesion, 
contact mechanics, and fracture.   
 

We made significant progress in and contributions to both these problems as described below. 
 
3.1. Geometry of Line Defects at Shape Complementary Patterned Soft Material 

Interfaces and Their Effect on Adhesion  
 
3.1.1. Selective Adhesion Enhancement of Ridge/Pillar Shape-Complementary Interfaces  

We have investigated biomimetic shape-complementary surfaces.  We showed that ridge-
channel surfaces (see Fig. 1(a)) can have highly enhanced adhesion (up to a factor of 40) against 
shape-complementary surfaces.  Adhesion enhancement decreases systematically with 
increasing separation between the ridges.  At the same time, adhesion is highly attenuated for 
non-complementary surfaces [18, 19].  The most interesting discovery was that misorientation is 
accommodated by meso-scale interfacial screw dislocations.  Because the two sides of the 
elastomer-elastomer interface are patterned by regular arrays of ridges/channels or pillars, when 
they are brought together the interface behaves like a meso-scale version of an atomistic twist 
grain boundary.  Relative twist and lattice mismatch are accommodated by arrays of dislocations 
with mixed screw and edge character (e.g., the inclined lines in the optical micrographs in Fig. 
1(b).  We showed that some aspects of the defect geometry [49] and its energetics [20, 50] can 
be analyzed by adapting theories developed for crystalline materials. There are some important 
differences, however.  In crystal dislocations, the core is usually invariant and determined by local 
interatomic bonding energetics.  In our case, the dislocation core turns out to be very similar to 
the Lothe core model in which the Burgers vector is distributed linearly over a finite distance, 
along with an associated dilation in the direction normal to the glide plane.  This makes its size 
susceptible to a crack-like treatment.  In particular, the core can be manipulated by external 
pressure, which manifests strongly in the properties such as friction, as described later.  More 
broadly, our findings connect the subject of structured soft materials to the well-developed 
materials science of defects in crystals and generates dislocation structures than can be readily 
examined by optical microscopy (instead of electron microscopy in crystalline solids).  
  
3.1.2. Dislocation arrays at the interface with mixed screw and edge character control 

adhesion [51]: 
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We found that relative misorientation is accommodated by interfacial defects that are meso-
scale screw dislocations.  The arrangement of such dislocations plays a critical role in determining 
the mechanical properties of the interface.  Here we studied the geometric properties of one-
dimensional (ridge/channel) and two-dimensional (arrays of pillars) shape-complementary 

interfaces (Fig. 1(a)) in the presence of both relative misorientation (twist, ) and difference in 

lattice spacing (stretch,  ).  Relative misorientation without difference in lattice spacing is 

accommodated by arrays of screw dislocations.  Difference in lattice spacing without 
misorientation is accommodated by arrays of edge dislocations.  In general, we observe arrays 

of dislocations with mixed screw and edge character.  The spacing, 1/  , and orientation,  , of 

these arrays can be predicted accurately using the geometry of Moiré patterns (eqs. 1,2; Fig. 
1c,d).  (The orientation   is directly related to mixity – edge vs. screw character.)  Dislocations 

carry elastic energy that is released when the interface is opened, thus reducing the effective 
adhesion energy Weff of the interface.  Fig. 
1e shows that our analytical model based 
on this idea (eq. 3) is a good predictor of 
measured reduction in adhesion with 
increasing misorientation.  In equations (1-

3), a is the fibril spacing, adW  is the work of 

adhesion between two flat surfaces, G is 

the shear modulus of the material, and   is 

the factor by which adhesion is enhanced 
by shape complementarity for a perfectly 
aligned sample.     
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Figure 1. (a) Optical micrographs of ridge/channel 
and fibrillar samples. Each sample consists of a pair 
of PDMS layers with some difference in lattice 

parameter and relative twist . (b) Typical patterns of 
approximately parallel lines appears at the interface 
between two nominally complementary samples (c) 
Angle of dislocation arrays in the ridge/channel 
geometry (Moiré patterns). (d) Density of dislocations 

as a function of misorientation angle. In (c) and (d) 
the lines are theoretical predictions with no fitting 
parameters. We have similar agreement between 
theory and experiment for the pillar-pillar interface. 
(e) Theoretical prediction for reduction in adhesion 
with increasing misorientation. 
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3.1.3. Gel-based material for reversible adhesion to arbitrarily shaped surface by shape 
recognition. (In collaboration with Prof. Shu Yang’s group, University of Pennsylvania.)  The 
shape-complementary strategy we have mainly pursued requires complementary shapes be 
formed on both sides of the interface being adhered.  With the group of Shu Yang we have 
investigated a gel-based material that extracts the benefit of shape complementarity by adapting 
to the shape of its counter surface over a large range of length scales when in the soft, hydrated 
state.  This shape can then be locked-in with little residual stress by drying, resulting in very strong 
adhesion.  Moreover, this adhesion can easily be reversed by re-hydrating the gel. (A manuscript 
based on this work is under review.) 

 
3.2. Role of Surface Stress or Solid Capillarity in Soft Materials 

We have studied several aspects of this problem, as also described in the Introduction and 
Background.  Here we first describe our work on flattening of surface features by surface stress 
and problems related to wetting on compliant substrates.   

 
3.2.1. Flattening of Surface Features on a Compliant Material by Surface Stress.  

Nearly all works on creating biomimetic structures for enhanced and controlled surface 
mechanical properties rely on creating structured surfaces.  In many cases, this is accomplished 
by some form of molding technique.  We have shown how, by exerting forces that flatten and 
round-off surfaces, solid surface stress limits our ability to replicate master shapes by molding 
[26].  To analyze such deformations, we have developed both analytical models and 
computational techniques (special surface stress finite elements) [26, 52].  Fig. 2a shows 
measured 3D profiles of a PDMS master (the higher and sharper features) and a gel (Gelatin in 
a 70/30 glycerol/water mixture) replica (flattened and rounded features).  The gel is much more 
compliant than the PDMS (Young’s modulus of 32.5 kPa versus ~3 MPa, respectively) and its 
profile is flattened and rounded immediately upon removal of the replica from its mold. We 
modeled the shape change as being due to elastic deformation driven by an isotropic solid surface 
stress, which can be brought into excellent agreement with experimental profiles using a single 
fitting parameter, the solid surface stress [25, 26] (Fig. 2). Thus, this experimental set up can also 
serve as a technique to measure solid surface stress.  This work is related to Mullins’s classic 
problem of shape change due to capillarity [53], except that it applies to elastic deformation of 
solids.  In collaboration with the group of Shu Yang at the University of Pennsylvania, we have 
studied how UV Ozone treated PDMS surfaces carry not only a surface stress but also 
considerable surface extensional and bending elasticity (manuscript under review).  We have also 
analyzed a similar problem of the recovery of the surface of a viscoelastic material after being 
subjected to a localized force [54].  Such recovery is observed in solid ridge form ahead of a 
moving liquid drop on a soft substrate [55]. 
 
3.2.2. Wetting of a Compliant Substrate and Spontaneous Droplet Motion on a Periodic 

Compliant Substrate 
The mechanics and physics of wetting of a solid surface is a fundamental problem of broad 

importance and interest that has been studied nearly exclusively for stiff (nearly rigid) surfaces. 
The shape of a drop controls a variety of phenomena such as heat transfer, drop penetration 
versus removal (from clothing or from paper as in printing), moisture collection through 
condensation, etc. The classic prediction of droplet shape is based on Young’s equation [56, 57].  
Static wetting of highly compliant substrates, i.e., with increasing elastocapillary number (ratio of 
surface stress to the product of Young’s modulus and droplet size), differs in important ways due 
to coupling of surface stress and deformability of substrate [35, 37, 38, 58, 59], a subject to which 
we have previously made contributions.  In addition, new aspects of wetting dynamics including 
droplet motion are emerging [60, 61]. 
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Droplet motion arises in many natural phenomena, ranging from the familiar gravity-driven 

slip and arrest of raindrops on windows, to the directed transport of droplets for water harvesting 
by plants and animals under dry conditions. Deliberate transportation and manipulation of droplets 
is important in many technological applications, such as droplet-based microfluidic chemical 
reactors and for thermal management. Droplet motion usually requires gradients of surface 
energy or temperature, or external vibration to overcome contact angle hysteresis. We have 
discovered a new phenomenon in which a drying droplet placed on a periodically compliant 
surface (Fig. 3) undergoes spontaneous, erratic motion in the absence of surface energy 
gradients and external stimuli (Fig. 3a-e). By modeling the droplet as a mass-spring system on a 
substrate with periodically varying compliance, we show that the energy released during 
vaporization is partially stored by the compliant surface. It is released periodically via mechanical 
instabilities to drive the surprisingly large-scale spontaneous and concerted motion of the drop. 
Our finding offers a novel method by which the droplet motion can be driven [62]. 

  
 

Figure 2. (a) Surface profile of a periodic ridge

geometry showing PDMS master (higher and

sharper features) and its gel replica (flattened

and rounded profile) for gel Young’s modulus

 = 32.5 kPa, wavelength W   25 µm and

initial height  ~ 2.7 µm. (b,c) Profile shape

and its change on stretching can be fitted very

well by a theoretical finite elment model that

includes special elements to account for the

influence of the surface-stress. (b) Finite

element results capture the change in change

on stretching the master mold. (c) Finite

element results are in very good agreement

with experimental data of the deformed gel

profile, stretched and unstretched.

(a) (b)

(c)
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3.2.3. Interaction of Droplets Separated by an Elastic Film We previously discovered that the 
Laplace pressure of a droplet placed on one side of an elastic thin film can cause significant 
deformation in the form of a bulge on its opposite side (Fig.4a) [38].  We show that this deformation 
can be detected by other droplets suspended on the opposite side of the film, leading to interaction 
between droplets separated by the solid (but deformable) film (Fig. 4b,c). The interaction is 
repulsive when the drops have a large overlap and attractive when they have a small overlap. 
Thus, if two identical droplets are placed right on top of each other (one on either side of the thin 
film) they tend to repel each other (Fig. 4b), eventually reaching an equilibrium configuration 
where there is a small overlap (Fig. 4c).  This observation has been explained by analyzing the 
energy landscape of the droplets interacting via an elastically deformed film.  The system energy 
here includes the surface energy, the work done by surface stresses (due to stretching of the film) 
as well as the elastic energy of the deformed film.  We further demonstrate this idea by designing 
a pattern comprising a big central drop with satellite droplets [63].  This is a second novel 
phenomenon related to wetting of compliant surfaces and can lead to techniques for directed 

 
Figure 3 Droplet on a film-terminated fibrillar surface. (a-d) Beginning at t = t0, micrographs of a droplet 
of de-ionized water placed atop a film-terminated fibrillar surface show (i) significant distortion of 
interferometric contours, indicating out-of-plane deformation driven by liquid surface tension, and (ii) 
spontaneous movement of the droplet.  In this series of optical micrographs, the droplet moves over a 
distance much larger than its own size and the interfibrillar distance. (e) Scanning electron micrograph 

image of the film-terminated fibrillar surface. The fibril height is 40 𝜇𝑚, the interfibrillar spacing is 115 

𝜇𝑚, and the diameter of the fibrils is 10 𝜇𝑚. (f) A schematic showing a droplet on the structured surface, 
and the deformation caused by droplet surface tension. The experiments are repeated on samples with 
height h varied from 10 – 40 m  and interfibrillar spacing a varied from 20 – 110 m . (g) Contours and 

3D representation of the vertical displacement of the substrate caused by surface tension of the drop. 
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motion of droplets confined to one side of a thin elastic membrane by manipulations on the other 
side. 

 

3.2.4. Other related studies 
o Role of surface stress in cell fate and proliferation.  It has long been known that the 
modulus of extracellular matrix (ECM) regulates cell fate and morphogenesis [64].  Cells 
physically probe the modulus of the ECM using integrin based adhesion complexes.  On stiffer 
substrates, integrin receptors assemble into larger multi-molecular complexes that trigger 
activation of regulatory signaling cascades. In biomaterials design, tuning integrin-based 
mechanotransduction is critical for programming desired cellular responses.  However, cell 
behaviors that defy expectations based on ECM rigidity alone have been observed.  For example, 
cells seemingly misinterpret silicone substrates as being rigid, even when the material is highly 
compliant.  While some reports argue that this anomalous behavior can be attributed to how 
adhesive proteins are tethered to the silicone substrate, others affirm that ECM stiffness regulates 
cellular behaviors independently of protein tethering.  We believe that this paradox can be 
resolved if surface stress is taken into consideration, since that offers a hitherto ignored agent 
that resists the deformation of these materials by micrometer-sized cells and their subcellular 
machinery. The co-PI, C.Y. Hui, has recently collaborated with Matthew Paszek's group at Cornell 
to study whether indeed surface stresses can direct cell behavior.  In a paper currently under 
revision [65], we report that cells indeed sense solid surface stress through integrins and 
canonical mechano-transduction pathways.  For soft materials with high surface energies, we find 

 
 (a) 

 
(b)                                                    (c) 

       
(d)                                                    (e) 

Figure 4. Process of repulsion between two droplets on either side of a suspended film. (a) Using an 

air displacement pipette, a water droplet was placed underneath the film, and the film bulged out due 

to the Laplace pressure P (see insert). (b) Another droplet of same volume was placed on the top side 

of the film, overlapping the bottom droplet. (c) The configuration in (b) was unstable and the two droplets 

separated. (d) Snapshot of the initial (unstable) overlapped configuration (top view). (e) Snapshot of the 

stable configuration with a small overlap (top view). 
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that surface stresses can dominate over the elastic modulus in directing cell response.  Strikingly, 
even when the elastic modulus of the material is vanishingly small, surface tension can support 
cell spreading, the assembly of stable focal adhesions, force-dependent integrin signaling, 
YAP/TAZ-based mechanotransduction, cell survival, and cell proliferation.   
o Analyzing the Role of Surface Stresses in the Context of Large Deformation.  We and 
others have established that the role of surfaces stresses becomes important when the material 
becomes highly compliant, i.e., when the elastocapillary length is on the order of one.   However, 
deformations in this regime tend to be large, a fact that causes significant difficulty in analysis of 
associated phenomena.  We have tackled this problem (we believe we are the only group to do 
so) for a number of cases: 
o How surfaces deform and adhere when brought into contact with a rigid indenter is an 
important problem in micro or nanoindentation.  In soft materials, surface stresses can play an 
significant role in resisting deformation, and we have been developing models to account for large 
deformation and surface stress [66]. 
o Large strain plate bending with surface stress.  We have studied pure bending of a finite 
thickness plate under large deformation with surface stress.  We present closed-form solutions 
and discover a new type of instability [67]. 
o Full governing equations for droplets on a deformable surface.  In the rigid limit the shape 
of drops on a surface is given by Young's equation representing configurational energy balance.  
In the highly compliant fluid-like limit, the shape is given by force balance, the so-called 
Neumann's Triangle.  We have now developed a full theory for the shape of droplets on 
deformable surfaces that accounts for all the surface stresses and large deformation (manuscript 
under preparation). 
o Wetting of a Partially Immersed Compliant Rod [68].  The force on a solid rod partially 
immersed in a liquid is commonly used to determine the liquid-vapor surface tension by equating 
the measured force required to remove the rod from the liquid to the vertical component of the 
liquid-vapor surface tension.  Here we have studied how this process is affected when the rod is 
compliant.  Our results can be used to extract solid surface stresses from such experiments. 
o Surface tension measurement from indentation of clamped thin films: We developed an 
indentation technique to measure the surface tension of relatively stiff solids. In the proposed 
method, a thin solid film is indented by a rigid sphere and its deflection is measured by optical 
interferometry. The film deflection is jointly resisted by surface tension, elasticity and residual 
stress. Using a version of nonlinear von Karman plate theory that includes surface tension, we 
are able to separate the contribution of elasticity to the total tension in the film. Surface tension 
is determined by extrapolating the sum of surface tension and residual stress to zero film 
thickness. We measured surface tension of polydimethylsiloxane (PDMS) using this technique 
and obtained a value consistent with the surface energy of PDMS reported in the literature [39]. 
o Review Article: “Elastocapillarity: Surface tension and the mechanics of soft solids” [41]:  
We co-authored a review article on elastocapillarity that aims to summarize the state of the field 
and to identify open issues. 
o Surface stresses resist fracture in soft solids:  We show theoretically that surface stresses 
can lower the energy release rate available for crack growth in soft materials [69].    Physically, 
surface stresses induce curvature forces which resist crack opening, and this reduces the stress 
field at the crack tip due to external applied load.     
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