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Designing Bio-Inspired Adhesives for Shear Loading: From 
Simple Structures to Complex Patterns
 The gecko has inspired numerous synthetic adhesive structures, yet under 
shear loading conditions, general design criteria remains underdeveloped. 
To provide guidance for bio-inspired adhesives under shear, a simple scaling 
theory is used to investigate the relevant geometric and material parameters. 
The total compliance of an elastic attachment feature is described over many 
orders of magnitude in aspect ratio through a single continuous function 
using the superposition of multiple deformation modes such as bending, 
shear deformation, and tensile elongation. This allows for force capacity 
predictions of common geometric control parameters such as thickness, 
aspect ratio, and contact area. This superposition principal is extended to 
develop criteria for patterned interfaces under shear loading. Importantly, 
the adhesive patterns under shear are controlled through the compliance 
in the direction of loading. These predictions are confi rmed experimentally 
using macroscopic building blocks over an extensive range of aspect ratio 
and contact area. Over 25 simple and complex patterns with various contact 
geometries are examined, and the effect of geometry and material proper-
ties on the shear adhesion behavior is discussed. Furthermore, all of these 
various attachment features are described with a single scaling parameter, 
offering control over orders of magnitude in adhesive force capacity for a 
variety of applications. 
  1. Introduction 

 Many organisms found in nature, such as geckos and insects, 
possess arrays of fi brillar features on their feet. [  1  ,  2  ]  These stiff 
micro and nanoscale fi brillar features aid in the development 
of strong adhesive forces while still maintaining a low energy 
of release, two characteristics required for effi cient locomotion. 
Creating synthetic adhesives that have both strong attachment 
and easy release is attractive for many potential applications 
and has driven the design of several synthetic, bio-inspired 
adhesives. [  3–6  ]  Most previous work has focused on normal or 
peel loading conditions where arguments for contact split-
ting,  i.e.  breaking an individual contact into numerous smaller 
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contacts, have been developed. [  7–10  ]  
However, shear loading is employed by 
organisms during vertical climbing and 
commonly desired for bio-inspired adhe-
sives, for which design criteria are much 
less developed. [  11  ]  Importantly, the same 
contact splitting arguments for normal 
or peel loading cannot be directly applied 
under shear or other loading geometries 
as the energy balance at the adhesive 
interface is fundamentally related to the 
loading geometry. [  12  ]  A robust, general 
design criteria, especially in the context of 
shear is required. 

 The concept of contact splitting 
states that breaking a single contact into 
numerous fi ner subcontacts increases the 
adhesive pull off force. This is achieved 
by mechanisms such as softening, [  13  ]  
an increase in contact line, [  10  ]  and crack 
blunting, [  14  ,  15  ]  all of which can be described 
as a direct consequence of contact split-
ting. For example, Arzt and co-workers 
have explained the benefi t of an increased 
contact line through the Johnson-Ken-
dall-Roberts (JKR) model of adhesion, [  16  ]  
where the pull-off force scales with a geo-
metric length. [  10  ]  If a single spherical JKR type contact of radius 
 R o   is divided into an equal area of  N  smaller contacts of radius 
 R  such that  R = Ro

/√
N   , the pull off force for simultaneous 

detachment will be increased by a factor of 
√

N   . [  10  ]  The basic 
Kendall peel model shows that under a 90 °  peel loading the 
force capacity will be proportional to the contact width, not the 
contact area. [  17  ]  If a contact is broken into numerous smaller 
contacts the force capacity will increase as the  

√
N   . [  7  ]  Although 

these models are attractive, they are restrictive in the choice of 
geometry and cannot be simply extended to shear loading. [  18  ]  

 Adhesion under shear loading has been widely studied since 
the creation of polymeric adhesives. [  19  ,  20  ]  Much of the work in 
this area has focused on long, thin “structural” joints, where 
the shear stress decays exponentially from the front contact 
point. [  20  ]  This results in the force capacity being independent of 
the joint’s length or contact area, scaling instead as a function 
of the width. [  17  ]  In bio-inspired adhesives, long contact areas are 
often not made and the assumptions for long, thin “structural” 
joints are not necessarily appropriate. Previous work in under-
standing bio-inspired adhesion under shear loading has focused 
on frictional behavior, [  21  ,  22  ]  the coupling between normal and 
shear adhesive forces, [  23–26  ]  and peel arguments to describe 
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adhesion. [  5  ,  27  ,  28  ]  Enhanced friction has been demonstrated with 
fi brillar adhesives and has been attributed to increased contact 
area, through softening and side contact of fi brils, but pre-
dicting shear capacity has proved diffi cult. [  29  ]  

 To understand the broad concepts of bio-inspired adhesion, 
a unifying relationship is required. Recently, we introduced a 
scaling argument that was shown to provide a consistent under-
standing across a large range of length scales and geometries 
for both natural and synthetic adhesive systems. [  30  ]  However, 
a closer examination is required to determine the implications 
of these arguments in the general design of both fi brillar and 
smooth gecko-inspired adhesives. In this paper, we consider a 
range of adhesive geometries under shear loading, and provide 
criteria to control the force capacity. We show that superposition 
can be used to develop simple relationships which describe the 
deformation behavior over a wide range of sample geometries. 
These compliance relationships can then be used to predict the 
adhesive force capacity through our scaling argument described 
below. We show that in the limit of linear elasticity, superposi-
tion can also be used to extend the prediction of force capacity 
for patterned and complex geometries. Finally, we fi nish with a 
discussion on the implications of these results and the scaling 
relationship in the context of stress and the scaling of adhesives 
for large and small applications.   

 2. Design Parameters  

 2.1. Adhesive Scaling Theory 

 To develop a general understanding of bio-inspired adhesion, 
we follow a classical fracture mechanics approach; [  31  ]  how-
ever, we impose key assumptions appropriate for natural and 
bio-inspired adhesives to develop a simple scaling theory for 
adhesive force capacity. [  30  ]  A detailed development of this theory 
has been previously published. [  30  ]  In its most simplifi ed form, 
the fracture mechanics approach relates the energy stored in 
loading an adhesive interface with the interfacial energy and 
loss incurred during separation. We consider that an adhesive 
joint with interfacial area ( A ) loaded through a force ( F ) will 
separate in an unstable manner upon reaching a critical force 
( F C  ). The stored elastic energy ( U E    ∝   F 2 C , where  C  is the system 
compliance) will be recovered primarily in the form of breaking 
and forming new surface contacts characterized by the energy 
 U S   or its areal derivative, ∂ U S / ∂ A  =   −∂ U E / ∂ A  =  G C  , where  G C   
is set by the materials comprising the interface. Within this 
framework, a scaling relationship for  F C  , or the maximum sus-
tainable force, can be written as

 
FC ∼

√
GC

√
A

C   
(1)

     

 Equation 1  is independent of any geometric or loading 
details; hence it provides a framework to understand the 
performance of reversible adhesive systems over a range of 
geometries and size scales. We note that although many mate-
rials are not ideally elastic,  Equation 1  is generally applicable to 
all materials as long as any viscoelastic losses are confi ned to 
small-scale regions near the interface, such has been shown for 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
many acrylate, urethane, and siloxane-based polymer networks 
using a JKR analysis. [  31–35  ]    

 2.2. Attachment Feature Geometry 

 To design bio-inspired adhesives which adhere to a wide variety 
of surfaces the interface should primarily rely upon non-spe-
cifi c van der Waals interactions, as observed in natural gecko 
setae. [  36  ]  This constraint renders  G C   an ineffective control 
parameter. Instead, reversible adhesion is dictated by the geom-
etry of the contact, represented by  A  and  C , which will be the 
focus of this discussion. For specifi c geometry and materials, 
more detailed relationships for  A  and  C  can be substituted into 
 Equation 1 . Consider a single, bio-inspired attachment feature 
composed of an adhesive layer with shear modulus  μ  bound 
to an adherend with elastic modulus  E.  The attachment fea-
ture has a thickness  t  and area of contact with the substrate  bh , 
where  b  and  h  represent the width and height respectively, as 
seen in  Figure    1  a.  

 For a long and thin attachment feature (i.e., a large  h  and 
small  t ) conventionally termed a structural lap shear joint, the 
crack propagation behavior has been studied by Kendall. [  19  ]  In 
his analysis, the majority of the strain energy is stored in the 
adherend, and consequently, the strain energy in the adhesive 
layer is ignored during the fracture analysis and only contrib-
utes to the surface energy. In this case, tensile elongation in 
the adherend defi nes a force-displacement relationship of 
 F = �

h Ebt   , where  F  is the applied force and  Δ  is the displace-
ment. Accordingly, the compliance  (C = ∂�/∂ F )    is

 
Cstructural = 1

Eb

(
h

t

)
  

(2)
    

 For thicker adhesive layers, the deformation will shift from 
the adherend to the adhesive layer, and the relevant strain energy 
for crack propagation will be developed in the adhesive layer. A 
low aspect ratio ( t / h ) attachment feature will deform through a 
shear extension with  F = �

t μbh   , and the compliance is

 
Cblock = 1

μb

(
t

h

)
  

(3)
    

 For simplicity, we will refer to this as the block geometry. 
 Attachment features with large aspect ratio ( t / h ) the applied 

shear force will deform the material through bending rather 
than shearing. In the case of negligible shearing, the feature 
will bend as a cantilever, such that  F = �

t3 9μI  , assuming a Pois-
son’s ratio of 0.5 and  I  is the beam’s second moment of the area 
 I = bh3

12
   for a rectangular cross section assumed here. The com-

pliance is

 
Cpost = 4

3μb

(
t

h

)3

  
(4)

    

 We will refer to this geometry as the post geometry. We note 
that a cylindrical post or other cross sections are also used in 
current generation materials, but this only changes numerical 
prefactors in compliance and not the scaling.    
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 4985–4992



FU
LL P

A
P
ER

www.afm-journal.de
www.MaterialsViews.com

     Figure  1 .     a) Schematics of attachment features consisting of an adhesive 
layer supported with an adherend with i) low and ii) high aspect ratios 
( t/h) .  t  is the thickness,  h  is height, and  b  is width. After attachment to a 
glass substrate through a contact area,  A  (where  A   =   bh ), a shear force  F  is 
applied until adhesive force capacity,  F C  , is reached. b) Experimental data 
showing a typical force versus displacement plot during a shear adhesion 
experiment for a block and a post. The compliance,  C , is the inverse of 
the slope of the loading curve and upon reaching a critical force capacity, 
 F C  , the interface fails.  

     Figure  2 .     a) A log-log plot of  Cb  versus aspect ratio ( t / h ); the various 
symbol types represent different samples. The dashed lines show a slope 
of –1, 1, and 3, expected for a structural joint, block, and post, respectively. 
The solid line is  Equation 2 , which describes all of the experimental data 
and is fi t with a shear modulus   μ    =  0.45 MPa ( E   =  1.36 MPa). b) Dimen-
sionless plot of  Cb μ   versus aspect ratio for different shear moduli of the 
adhesive layer,   μ  , and elastic moduli of the backing layer,  E . The upper 
transition point between the block and post is independent of material 
properties and occurs at an aspect ratio of 

√
3/4   , while the lower transi-

tion from a structural joint to a block depends on the ratio of the material 
parameters   μ   and  E .  
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 3. Results and Discussion  

 3.1. Attachment Feature Compliance 

 To understand the critical adhesive force as a function of geo-
metric parameters such as thickness and contact area, we 
create various attachment features with aspect ratios ranging 
from 0.01 to 17.5, and measure the compliance as a function of 
aspect ratio. The compliance of a structural lap joint is inversely 
proportional to aspect ratio ( Equation 2 ), a block geometry is lin-
early proportional to aspect ratio ( Equation 3 ), and a post scales 
to the third power ( Equation 4 ). A plot of  Cb  versus aspect ratio 
( t / h ) is given in  Figure    2  a.  
© 2012 WILEY-VCH Verlag GAdv. Funct. Mater. 2012, 22, 4985–4992
 We fi nd good agreement, as seen in Figure  2 a, when com-
paring  Equation 2–4  to the experimental data and use these 
relations to understand the transition regions as the attach-
ment feature goes from one primary deformation mode to 
another. Near these transition regions, the data deviates from 
the compliance predictions of  Equation 2–4 , as the deformation 
4987wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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     Figure  3 .     a) Log-log plot of force capacity versus thickness for two dif-
ferent contacting areas, (fi lled circles:  b   =  20 mm,  h   =  12 mm; open cir-
cles:  b   =  10 mm,  h   =  7 mm). The dotted and dashed lines represent the 
predicted scaling of thickness as seen in  Equation 6 , where in our experi-
ment   μ    =  0.45 MPa and  G C    =  3 N/m, and the solid lines are guides to the 
eye. b) Log-log plot of normalized force capacity,  F C  / bh  1/2  versus aspect 
ratio ( t / h ). The dotted line represents  Equation 7 , which collapses the 
data from (a) onto a single line.  
is no longer due to a single deformation, but instead deforms 
in a mixed mode. [  37  ]  For the case of the lower transition, the 
feature shifts from tensile elongation to shear deformation. 
Equating the compliances of the structural joint and the block 
of the same thickness (see Supporting Information A for dif-
ferent thicknesses), we expect a transition near an aspect ratio 
of 

√
μ/E   . For our system, this occurs at an aspect ratio on 

the order of 
√

1/10000    or 0.01. It is noted that this transition 
depends on the material system. To describe the upper transi-
tion which occurs as shear deformations change to post-like 
bending, we equate the compliances of the block and the post, 
which are equal at an aspect ratio of 

√
3/4   , or approximately 

0.87. In contrast to the structural joint to block transition, this 
transition does not depend on material properties, and is there-
fore independent of the material system. 

 To describe the compliance in a unifi ed manner through all 
of these different transitions, we use the principle of superpo-
sition, such that the total deformation of the attachment fea-
ture can be treated as a sum of the displacements of the various 
independent deformation modes. Hence, we serially add these 
compliances to generate a total compliance

 

CTotal = Cblock + Cpost + Cstructural

=
1

µb

((
t

h

)
+

4

3

(
t

h

)3
)

+
1

Eb

(
h

t

)
  

(5)
    

 It can be seen that  Equation 5  describes the structural joint, 
block and post regions, as well as the transition regions in 
Figure  2 a. Figure  2 b shows a dimensionless plot of  Cb μ   versus 
aspect ratio for various  

√
µ/E    ratios. The upper transition 

point between the block and post is independent of material 
properties, while the lower transition from a structural joint to 
a block depends on the  

√
µ/E   ratio.  

 Equation 5  can be used to describe a wide range of aspect 
ratios, but for the remainder of the paper we will only be con-
cerned with aspect ratios greater than the lower transition from 
a structural extension to a sheared block. Thus, for convenience 
we drop the third extensional term in  Equation 5  for investi-
gating the relationship between  F C   and attachment feature 
geometry.    

 3.2. Adhesive Force Capacity Criteria 

 The force capacity of an interface depends on the compliance 
as described in  Equation 1 . When the compliance of a block or 
a post is substituted into  Equation 1 , the critical force scales as 
 FC ∼ t−1/2    and  FC ∼ t−3/2    respectively. To examine this scaling, 
we keep the contact area constant and vary the thickness. As 
seen in  Figure    3  a both data sets corresponding to two different 
interfacial areas follow a  −1/2    dependence at low thickness and 
a  −3/2    dependence at large thickness. At intermediate thick-
ness, a transition from a  −1/2    dependence to a  −3/2    depend-
ence is observed as the thickness increases. This is consistent 
with a block to post transition as observed in the compliance 
data. We can similarly add the compliance of a block and a post 
together and substitute the resulting expression into  Equation 
1  to obtain:
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag Gm
 

FC ∼
√

GC

√
A

CTotal
∼

√
GC

√
µb2h

t
h + 4

3

(
t
h

)3

  
(6)     

 This equation describes the data in Figure  3 a well. As the two 
geometries had different contact areas,  F C   was always larger for 
the larger contact area at a constant thickness. To collapse the 
data onto a single line, the contacting width and height must 
bH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 4985–4992
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     Figure  4 .     Log-log plot of force capacity over width versus height for two 
different thicknesses (fi lled circles:  t   =  25.3 mm, 0.05  <   t / h   <  0.29; open 
triangles:  t   =  50 mm, 1.3  <   t / h   <  5.7). The black circles are fi t to the fi rst 
power demonstrating block scaling while the open triangles are fi t to the 
second power demonstrating post scaling.  
be taken into account. Rearranging  Equation 6 ,  F C   scales with 
aspect ratio as

 

FC

bh1/2
∼

√
GC

√
µ

t
h + 4

3

(
t
h

)3

  
(7)    

 By plotting  FC

/
bh1/2   vs. aspect ratio ( t / h ) the data collapses 

into a single curve in Figure  3 b for a given material. This result 
shows that although contact area was kept constant the force 
changed, demonstrating that the adhesive stress capacity was 
not constant, and that  F C   depends on contact area in a more 
complicated manner.  

 Equations 6  and  7  both demonstrate, and our experiments 
confi rm, that features with a lower thickness or aspect ratio 
maximize adhesive force capacities. However, it must be noted 
that  Equations 6  and  7  both assume intimate contact and the 
experiments were conducted on a smooth glass substrate. If 
the attachment substrate is rough, then increased compliance 
normal to the substrate is required to increase  A . [  13  ,  38  ]  This can 
be achieved by creating taller features with higher aspect ratios, 
or decreasing the elastic modulus. In the context of  Equation 
1 , strategies such as tilting fi brillar features and using appro-
priate backing layers, [  5  ,  30  ,  39–43  ]  as demonstrated in the complex 
anatomy of a gecko’s toepad, [  11  ,  44  ]  must be used to increase  A  
while maintaining a low compliance in the loading direction to 
increase the adhesive force capacity. 

 As demonstrated in the previous section  F C   is not necessarily 
constant for a fi xed contact area but depends on the sample 
thickness. To investigate the  F C   dependence on the contact area 
at constant thickness two samples are used ( t   =  1.6 mm and  t   =  
50.0 mm) while varying the contact area through changing the 
contact height. The aspect ratio of the thinner sample is main-
tained in the block regime (0.05  <   t / h   <  0.29) and the aspect 
ratio of the thicker sample is in the post regime (1.3  <   t / h   <  
5.7). Substituting the compliance of a block into  Equation 1 , 
we see that force scales with area, FC ∼ bh ∼ A   ; whereas for 
a post,  F C   does not scale with  A , but as  FC ∼ bh2   . In  Figure    4  , 
we plot  F C  / b  vs.  h  for the samples, illustrating that the block 
and post data scale to the fi rst and second power respectively, as 
predicted. Interestingly, this demonstrates that normalizing by 
area to calculate a stress is not always appropriate and depends 
upon the attachment feature geometry.   

 3.3. Patterned Shear Adhesion 

 With a clear description of individual features, we can develop 
force capacity criteria for arrays of individual features or pat-
terns. An understanding of patterns under normal and peel 
adhesion has been developed previously. [  7  ,  9  ,  10  ,  45  ]  However, the 
infl uence of patterns on the adhesive properties under shear 
loading has not been established. 

 In the same way that the compliances of an ensemble of 
springs add together to provide a total compliance, we add the 
compliance values of individual attachment features to under-
stand how patterns control shear adhesion. If the attachment 
features are arranged so that they undergo the same displace-
ment, then the compliances add in parallel; if they are arranged 
so that the total displacement is a summation of individual 
© 2012 WILEY-VCH Verlag GAdv. Funct. Mater. 2012, 22, 4985–4992
displacements then the compliances add in series. For example, 
in a hierarchical attachment feature each level will be added 
together in series, but the individual features in each level are 
added in parallel. To examine the effects of patterns, we create 
an array of identical macroscopic PDMS contacts as illustrated 
in  Figure    5  a. For the simplest case of a single level of non-inter-
acting, identical features attached to a substrate, the compli-
ances add inversely as they are arranged in parallel, giving an 
ensemble compliance of

 

C =
⎛
⎝ N∑

j=1

1

C j

⎞
⎠

−1

= Ci

N
  

(8)

     

 Where  C i   is the compliance of an individual feature and  N  
is the number features. The total contact area is the sum of 
the individual attachment feature contact areas,  A i  , such that, 
 A = N∑

j = 1
Aj = Ai N  . In this case, the total force capacity 

is proportional to the number of attachment features,

 
FC ∼

√
GC (Ai N)

Ci /N
∼ N

√
GC Ai

Ci   
(9)

    

 To verify this equation we modulate the number of identical 
macroscopic PDMS contacts from one to nine. The force vs. dis-
placement plot in Figure  5 b shows that as the number of con-
tacts increases the compliance decreases and  F C   increases. We 
verify  Equations 8  and  9  in Figure  5 c, where it is shown that the 
compliance scales as 1/ N  and  F C   is proportional to the number 
of contacts. This demonstrates the ability to predict both the 
compliance, and in turn,  F C   of a simply patterned interface by 
considering the total compliance and contact area. 
4989wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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     Figure  5 .     a) Schematic diagram of the identical attachment features 
loaded in parallel. b) Force versus displacement plot for identical attach-
ment features, ranging from one to nine contacts. c) Left y-axis: force 
capacity versus the number of attachment features (open triangles) 
showing the linear relationship predicted by  Equation 9 . Right y-axis: 
compliance versus the number of attachment features (fi lled squares) 
showing the 1/ N  relationship predicted by  Equation 8 .  
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 We create more complex hierarchical structures, such as a 
post between two blocks ( Figure    6  b), multiple posts arranged 
orthogonal to a single post (Figure  6 c), or even setal like fea-
tures (Figure  6 d) consisting on an angled “setal” shaft with 
multiple terminal contacts (for schematics of the entire set of 
20 complex structures tested see Supporting Information B). In 
these cases, the force capacity will not be proportional to the 
number of contacts, as each contact is unique, and may add to 
90 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
the compliance in series or in parallel. Instead, the compliance 
of each individual feature is measured, and then added together 
to obtain a total compliance and the contact area is only the area 
which is in contact with the substrate. In this case, features in 
the same hierarchical level are added in parallel, and different 
hierarchical levels are added serially. In Figure  6 a, a plot of the 
theoretical force capacity vs. the measured force capacity shows 
that the data generally lies along a  y  =  x  line, showing direct 
correlation between predictions and the measured values.    

 3.4. Connecting Blocks, Posts and Patterns 

 We have shown how the adhesive force capacity depends on 
geometric parameters such as thickness, aspect ratio, and con-
tact area. We extend this understanding to multiple attachment 
features to develop criteria for patterned interfaces under shear 
loading. However, to describe these various attachment features 
in a single general equation, we revisit  Equation 1 , which states 
that the force capacity of a reversibly adhesive interface should 
scale as the  

√
A/C   . We use this scaling parameter to describe 

all of the various geometries, including the blocks, posts, and 
patterns, by plotting  F C   vs.  

√
A/C   , as seen in  Figure    7  . The 

 
√

A/C    scaling parameter collapses all the various geometries 
onto a single line, and functions over orders of magnitude in 
force capacity. As this scaling parameter takes into account the 
contacting compliance and contact area it allows for various 
contacting geometries to be described, including patterned and 
non-patterned interfaces. This is in contrast to scaling adhesive 
force through the use of stress (force per area), which we have 
shown to not be appropriate for many contacting geometries. 
Furthermore, using stress as a metric for scaling adhesion 
assumes that a small contacting area will behave identically 
to a large contacting area. This is often not the case because 
creating contact over increasingly larger contact areas is prob-
lematic and load sharing across the adhesive interface is not 
always constant. Scaling adhesion through the  A/C   ratio pro-
vides a general descriptor for adhesion across many contacting 
geometries and length scales.     

 4. Conclusions 

 We have provided design criteria for bio-inspired adhesives 
under shear loading, demonstrating a robust, general design 
relationship between geometry and force capacity. Importantly, 
we illustrate that a single equation can be used to describe the 
deformation behavior of an attachment feature over a wide 
range of aspect ratios. The dependence of maximum force 
capacity on thickness, aspect ratio, as well as contact area have 
been predicted and experimentally confi rmed. By extending this 
concept to shear adhesion of patterned geometries, the adhesive 
force capacity of various designs can be predicted by adding 
the compliance and contact areas of multiple attachment fea-
tures. In addition, we have successfully used the  

√
A/C    ratio 

to describe the force capacity of a wide variety of attachment 
features, emphasizing that maximum force capacity is achieved 
with features that have suffi cient compliance normal to an 
interface to maximize  A  while minimizing  C , the compliance, 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 4985–4992
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     Figure  6 .     a) Theoretical force capacity versus measured force capacity for a variety of complex 
patterns, examples of such patterns are depicted by the schematics (–d). The solid line is a  y   =  
 x  line showing agreement between the predicted and measured force capacities.  
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     Figure  7 .     Force capacity ( F C  ) versus  
√

A/C    for all of the tested attach-
ment features, including blocks, posts, and the patterned interfaces. All 
of the data collapse onto a single line described by the  

√
A/C    scaling 

parameter.  
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in the direction of loading. The simple guidelines presented in 
this work lend a clear method for material design and evalua-
tion, offering a fundamental framework in effi ciently creating 
bio-inspired adhesive materials for a variety of applications.   

 5. Experimental Section  
 Material Fabrication : Rectangular glass molds were made by fi xing glass 

slides (Dow Corning) with cyanoacrylate adhesive (Loctite Super Glue) to a 
glass substrate. Before assembly, the glass was cleaned with soap and water, 
dried with air, cleaned with acetone, and dried again with air. Adhesives were 
fabricated by fi lling the molds with oligomeric PDMS and a curing agent 
© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, WeinAdv. Funct. Mater. 2012, 22, 4985–4992
(Dow Corning Sylgard 184) 10:1 ratio by mass. A 1K 
plain weave carbon fi ber fabric (Composite Envisions) 
was used as an adherend and placed on top of the 
uncured PDMS to allow for incorporation. This was 
necessary for handling the thin adhesive layers, and 
also facilitated complete interfacial contact across the 
PDMS-glass interface. An excess of fabric was used 
to clamp the adhesive into the testing apparatus. 
The sample was then cured at 70  ° C for 14 h. Simple 
patterns are then created by mechanically cutting 
the adhesive material into discrete attachment pads. 
Complex patterns consisting of individual PDMS 
building blocks were bonded together using Sil-Poxy 
silicone adhesive (Smooth-On).  

 Adhesion Characterization : Shear adhesion 
experiments were performed with an Instron 
5500R on clean glass in lap shear geometry at a 
displacement rate of 10 mm/min. The adhesives 
were attached to the glass substrate taking care to 
ensure that the adhesive made complete contact 
with the glass. The fabric tether was then attached to 
the load cell. Displacement and force were measured 
throughout the experiment as seen in Figure  1 .   
 Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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