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Based on the experience of the pharmaceutical industry, a new trend in research which
relies upon combinatorial methodologies is being used to characterize the complexities of
polymer adhesion. In this article, we begin the discussion with a brief background
description of conventional techniques that are used for characterizing polymer interfaces.
This background description not only highlights the key quantities that are used to describe
interfacial strength, but it also demonstrates the challenges of developing high-throughput
screening methods for this field. Next, we introduce three novel methods that use
combinatorial design to increase the throughput in knowledge discovery for polymer
adhesion. This introduction discusses the experimental protocol as well as the main
features of analysis and informatics for these techniques. C© 2003 Kluwer Academic
Publishers

1. Introduction
Polymer interfaces play an important role in numerous
technologies ranging from biomedical implants to in-
tegrated circuit chips. Interfaces control conductivity,
provide environmental protection, define mechanical
strength, and ensure the overall reliability of a tech-
nological package. All of these roles rely upon the
strength of the polymer interface. For example, con-
ductivity cannot be controlled if the interfacial bond is
broken. A tissue scaffold will not be successful unless
a strong interfacial attachment is established. A card-
board box will be useless if tape cannot provide a strong
interface. In general, these examples demonstrate that
the ability of an interface to play its role is dependent
upon our ability to properly engineer the adhesion, or
interfacial strength.

Although many materials exist for controlling in-
terfacial properties, we currently do not have the
knowledge to “dial-in” interfacial properties by sys-
tematically controlling molecular architecture. This
knowledge is critical for pushing the envelope in devel-
oping technologies such as nanotechnology and bioma-
terials where interfacial properties can and will play a
significant role. Over the last several decades, progress
has been made in our understanding of how polymer
interfaces form and fail. We know that the strength of
the polymer interface depends on several parameters in-
cluding, but not limited to, surface chemistry, molecular
architecture, geometry, strain history, and the environ-
ment. Although this understanding signifies progress,
taking our understanding to the next level requires the
daunting task of developing a knowledge base for how
these parameters couple to define adhesion and build-
ing predictive models for the development of interfacial
strength.

As in the pharmaceutical industry, the number of
combinations of these different controlling parameters
presents a significant challenge for industrial and aca-
demic researchers. Based on the experience of the phar-
maceutical industry, a new trend in research which re-
lies upon combinatorial methodologies is being used
to facilitate our understanding of the complexities of
polymer adhesion [1–4]. In this chapter, we begin our
discussion with a brief background description of con-
ventional techniques that are used for characterizing
polymer interfaces. This background description not
only highlights the key quantities that are used to de-
scribe interfacial strength, but it also demonstrates the
challenges of developing high-throughput screening
methods for this field. Next, we introduce three novel
methods that use combinatorial design to increase the
throughput in knowledge discovery for polymer ad-
hesion. This introduction discusses the experimental
protocol as well as the main features of analysis and
informatics for these techniques. In the last section,
we summarize the key points. This discussion is not in-
tended to provide solutions for all challenges in polymer
adhesion characterization, but its goal is to highlight
the way of thinking that can increase the efficiency of
knowledge discovery in a complex and important area
of polymer science.

2. Conventional techniques
Several conventional methods are used to quantify the
performance of polymer interfaces. A few of the more
common characterization methods include the peel test,
loop tack test, probe-type tests, lap shear, free-edge
peel, and double cantilever beam experiments [5–7].
Each of these experimental methods is focused on a
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particular level of adhesion or type of polymer. For
example, peel tests, loop tack methods, and probe-type
experiments are primarily used to quantify the adhesion
of soft adhesives with varying degrees of adhesion. A
common class of adhesives tested with these techniques
is pressure-sensitive adhesives. Free-edge peel tests fo-
cus on the bonding of thin, glassy or semi-crystalline
polymers. These coatings often find application in the
electronics industry. Double-cantilever beam experi-
ments and probe-type tests are conventionally used to
quantify the adhesion of glassy polymers and epox-
ies that are used in a variety of application industries.
Of these various techniques, we will specifically discuss
two of them: the peel and probe-type tests. The aim of
this discussion is to highlight the primary parameters
that are controlled and recorded during typical adhe-
sion tests, as well as the advantages and challenges of
conventional adhesion testing methods.

2.1. Peel tests
One of the most common and accepted techniques for
measuring polymer adhesion is the peel test [8–11]. In
its simplest form, this test involves casting a polymer
film on a substrate, which is typically rigid. The film
for this test has a uniform thickness, or a backing ma-
terial, that is capable of providing mechanical stability
for subsequent peeling. After casting and drying the
film, one edge of the film is gripped by a mechanical
pulling device and subsequently peeled away from the
substrate at a constant crosshead velocity and constant
peel angle. During this peeling action, the velocity is
recorded as well as the force that is required to peel the
film from the substrate. For the most quantitative re-
sults, the entire force history should be recorded during
the peel test. This force history acts as a “fingerprint”
for the adhesion of the interface between the polymer
film and the underlying substrate.

In analyzing the results of this test, several ap-
proaches are practiced. The simplest analysis involves
recording the maximum force applied during the peel
test and comparing the measurement to peak peel forces
for other films. The key points to remember with this ap-
proach is that the force must be normalized by the width
of the polymer film since wider films of equivalent com-
position require more force than narrower films, and
the peak force may be non-representative of the inter-
facial strength along the length of a given interface.
For the latter reason, many researchers prefer to record
the average “steady-state” peel force during the peeling
process and normalize this quantity by the film width
[11]. Alternatively, the total energy of peel can be de-
termined by integrating the area under the curve of peel
force versus applied displacement. This total energy is
normalized by the original area of the polymer inter-
face (width × length). Both of these approaches (i.e.,
the normalized “steady-state” peel force and the nor-
malized peel energy) provide statistically reliable data
from which comparisons can be made.

At the heart of this measurement, as well as all adhe-
sion tests, is the determination of the driving force for
interfacial failure. Typically, the failure of an interface
is considered analogous to a fracture process, similar to

a crack in a bulk material. Accordingly, the driving force
for fracture is the energy release rate, or G, for which
a crack tip advances [7, 9, 12, 13]. The units of the en-
ergy release rate are energy per unit area, or in SI units:
J/m2. For the peel test, the normalized “steady-state”
peel and normalized peel energy are conventionally re-
ferred to as the energy release rate. For some material
systems, this equivalence is true, but in many cases the
stress distribution near the advancing peel front greatly
complicates the distribution of applied force, and the
overall force recorded during peeling does not truly
represent the driving force for fracture. Consequently,
the interpretation of the peel energy is complicated, and
this quantity does not provide an absolute means of re-
lating interfacial strength to the molecular structure of
the interface for all systems. In peel tests, the measured
quantities will depend upon the peel angle, peel ve-
locity, backing material (if used), and the process of
forming the interface. For relative comparisons, keep-
ing these parameters as consistent as possible provides
the best results. It should be noted that if a true energy
release rate is quantified, the velocity effects can be re-
lated to the viscoelastic properties of the polymer film
through a WLF relation [13].

2.2. Probe tests
To remove some of the complicating factors of the peel
test, probe-type tests are often used as an alternative or
complementary method [6, 14, 15]. For this discussion,
the probe-type test will be described in the context of
measuring soft adhesives, such as pressure-sensitive ad-
hesives, although they also are used for glassy polymers
and epoxies. In a probe-type test, a probe is brought into
contact and subsequently separated from a flat layer at a
constant crosshead displacement rate. Either the probe
or the flat layer is cast from the polymer of interest and
the other component is made from the complementary
material of interest (Fig. 1). For the simplicity, let us
consider a rigid probe and a flat, compliant polymer
layer. The geometry of the probe can be either spheri-
cal or flat. A comparison of both geometries is beyond
the focus of this chapter, but previous research has ad-
dressed these differences [16].

As the probe contacts and separates from the poly-
mer layer, the applied displacement, resulting force,
and if possible, the resulting contact area are recorded
throughout the test. Similar to the peel test, the force
versus displacement curve can serve as a “fingerprint”
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Figure 1 (a) Schematic of typical instrument used in probe-type char-
acterization. (b) Definition of contact radius, a, as a force, P , is applied
to a spherical indenter.
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Figure 2 Typical force versus displacement results for a probe-type test.
Definitions of measurable quantities are illustrated.

for the established interface if experimental conditions
remain constant for comparisons (Fig. 2) [17]. The spe-
cific analysis of this test can also take many forms, as
in the peel test. For qualitative comparisons, the sim-
plest analysis is the comparison of the maximum tensile
force from one polymer to another polymer. This max-
imum tensile force is often referred to as the “tack”
force and should be normalized by the maximum con-
tact area. This analysis is not consistently representa-
tive of the interfacial strength and can be greatly influ-
enced by numerous uncontrollable parameters. Another
useful quantity for comparative studies is the total en-
ergy for interfacial failure, or the area under the force-
displacement curve. The total energy is normalized by
the maximum contact area and is referred to as Wadh.
Although Wadh has units of energy per unit area, it is
not necessarily the energy release rate, or driving force
for interfacial fracture. Wadh is a combination of the en-
ergy being used to create new surfaces through interfa-
cial failure as well as the energy being dissipated in the
bulk of the polymer film [18]. This balance of interfa-
cial and bulk contributions to adhesion is a distinguish-
ing ratio that marks the differences in adhesion across
the variety of polymer interfaces. Consequently, decou-
pling and quantifying these contributions allows us to
relate the molecular properties to the overall adhesion.
As in the peel test, significant progress has been made
in decoupling these contributions by properly quanti-
fying the driving force for interfacial failure, G [13, 15,
19–21].

To determine G, the energy release rate, for probe-
type tests, a relationship based on the combination of
contact mechanics and fracture mechanics is used. This
relationship is often referred to as the JKR theory al-
though alternative forms and modifications have been
introduced over the last several decades [12, 15, 22].
To use this relationship, the contact area must be mea-
sured during the experiment. The contact area provides
critical information not only for the fracture mechan-
ics analysis, but also for many qualitative comparisons
that are made using probe-type experiments. In a clas-
sical measurement, the fracture analysis depends upon
the applied force, the resulting contact area, and the
material’s mechanical properties. Based on a balance
of interfacial and elastic restoring forces, the following
relationship is found [15]:

G = 3(P ′ − P)2

32πEa3 (1)

where G is the energy release rate, E is the elastic mod-
ulus of the system, R is the radius of curvature of the
probe, P is the applied force, a is the radius of the con-
tact area. P ′ is the required force to establish a contact
radius of a in the absence of adhesion. P ′ is a derived
quantity that is directly related to the Hertzian contact
mechanics relationships established in the late 1800’s
[23]. The relationship in Equation 1 is only valid for
elastic materials in an unconfined state. Although recent
modifications do allow confined and linear viscoelastic
materials to be quantified, the details of these modifica-
tions are beyond the focus of this chapter [15]. For our
purposes, the most important point is that a probe-type
test can provide the necessary information for deter-
mining the driving force for interfacial fracture. This
driving force, if properly quantified, is a parameter that
can be used to quantify interfacial strength independent
of experimental conditions. This independence marks a
quantity that can potentially be linked to the molecular
interfacial interactions.

Although this analysis can provide a measurement
of interfacial strength for many polymer systems, it is
rarely used in industrial laboratories due to its complex-
ity and the lack of contact area information in many
probe-type test investigations. For this reason, a recent
research effort focuses on the development of high-
throughput adhesion characterization methods. These
methods, as highlighted in the following sections, pro-
vide multiple advantages. First, the methods can be used
as a screening mechanism to discover knowledge in a
short amount of time. This increase in efficiency pro-
vides more time for further analysis on the systems and
conditions that yield promising results. Second, many
of the techniques provide both qualitative and quan-
titative data. A quick qualitative analysis can be used
for screening, while quantitative data can be obtained
if further detail is required. These two levels of analy-
sis let the user optimize the balance of throughput and
knowledge discovery. Finally, many of these measure-
ments introduce methods for including calibrated stan-
dards within the libraries. These standards are exposed
to the same processing and environmental conditions
as the other variable sections, thus minimizing sources
of statistical error that are typically introduced in
conventional testing.

3. Combinatorial characterization methods
In this chapter, we introduce three techniques that have
been developed recently to provide high-throughput,
combinatorial measurements of polymer adhesion.
These three methods are the multilens contact adhesion
test (MCAT), the combinatorial edge delamination test,
and the combinatorial peel test. As with conventional
characterization methods, each technique focuses on
a particular level and type of polymer adhesion. Al-
though we discuss the technical procedures and analysis
of these techniques, the thought process in developing
and implementing these techniques is the common link.
Combinatorial methodologies are truly a way of think-
ing, and the methodologies outlined in this chapter ex-
emplify the thought process of combinatorial materials
science.
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Figure 3 (a) Array of microlenses fabricated from polydimethylsiloxane. (b) A single microlens. The interference rings can serve as high-resolution
displacement sensors for sensitive measurements. (c) Surface topography map of microlens array subset.

3.1. Multilens contact adhesion
tests (MCAT)

The multilens contact adhesion test (MCAT) is largely
based on probe-type tests [4, 24]. In this combinato-
rial experiment, an array of probes, such as spherical
caps, is fabricated on a single substrate (Fig. 3). This
array is brought into contact with a flat complementary
substrate, and the two components are subsequently
separated as in a conventional probe test. During the
process of contact and separation, automated optical
microscopy is used to track the changes in the con-
tact area for each probe while the relative displace-
ment of the overall array is recorded. With these two
measurable quantities (i.e., contact area and displace-
ment), the adhesion of the interface at each point of
contact can be qualitatively and quantitatively evalu-
ated. By using combinatorial library fabrication meth-
ods that are known to the field of combinatorial ma-
terials science, every point within the contacting array
can potentially quantify the adhesion of a unique com-
bination of adhesion-related parameters. In existing li-
braries, this increase in throughput can translate into up-
wards of 8000 adhesion experiments being conducted
in the equivalent time of one conventional adhesion
experiment.

To discuss the details of this technique, as well as the
advantages and challenges associated with it, we de-
lineate the four steps involved in the procedure: library
design, library fabrication, library evaluation, library
analysis.

3.1.1. MCAT library design
The library in a MCAT experiment consists of two com-
ponents: the array of spherical caps and the comple-
mentary flat substrate. Library design for MCAT exper-
iments is concerned with three main factors: materials
selection, geometry of the lens array, and definition of
the parameter space that will be investigated.

For material selection, either the array probe or the
complementary substrate can be fabricated from the
polymer of interest and either can be rigid or solid.

For the convenient analysis, it is recommended that
one component be rigid and one be more compliant.
Most importantly, in choosing the respective material
assignments, the researcher decides from which mate-
rial a lens array will be most easily fabricated. Although
each component has individual considerations, the only
rule that must be applied to the overall library system
is that at least one of the components must be opti-
cally transparent. The MCAT methodology relies upon
contact area data and the relative displacement of the ar-
ray. If the contact areas cannot be recorded, the MCAT
methodology will not work efficiently.

The geometry of the lens array consists of three pri-
mary dimensions: the lens radius of curvature, the in-
terlens spacing, and the overall size of the array. The ra-
dius of curvature is determined by the contact area that
will be established and the thickness of the compliant
component. To minimize confinement effects (which
require correction factors for a quantitative analysis),
the maximum contact radius established during a test
should be no greater than one fifth of the radius of
curvature and one half of the thickness of the com-
pliant component. These rules are recommendations
for simplifying the analysis. The radius of curvature
also should be chosen to sample the proper area that
represents a state point in the combinatorial library. To
define state points in a combinatorial library, refer to
Meredith et al. [3].

Related to the definition of a state point is the design
of the parameter space that will be investigated. As
mentioned above, the fabrication of combinatorial li-
braries in polymer science has been a focus of recent re-
search. Many of the parameters that can be controlled in
a combinatorial manner affect adhesion. A few of these
parameters include temperature, composition, surface
energy, and thickness [3, 25, 26]. In designing the pa-
rameter space for a MCAT experiment, consider param-
eters that can be effectively varied across the extents of
the overall library. Also remember that each lens does
not need to probe a unique point in parameter space.
If multiple contacts are made within a state point, then
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these increased statistics can enhance the reliability of
the measurement.

The interlens spacing, L , is a critical design param-
eter since it dictates the mechanical and adhesive cou-
pling between contact points. To prevent the coupling
of lenses, the maximum contact area should be much
less than the interlens spacing. For the case of cylindri-
cal features on a surface, Hui et al. have used theoretical
arguments to suggest that the L should be [27]:

L ≥
(

32πwR2

0.57E

)
(2)

to avoid spontaneous interlens coupling. In this equa-
tion, w is the work of adhesion, R is the radius of curva-
ture, and E is the effective modulus for the contacting
system.

The last dimension to consider in designing the li-
brary is the overall dimensions of the lens array. This
dimension is dependent upon the maximum range of
travel in the automated microscope stage and the max-
imum force range of the actuators that drive the two li-
brary components into contact. The total applied force
is directly related to the total contact area (i.e., the sum
of the contact areas for all individual lenses). Therefore,
the total applied force should not exceed the specifica-
tions of the actuators, nor should the total array size be
larger than the range of travel for the microscope stage.

3.1.2. MCAT library fabrication
After designing the MCAT library, the next step in-
volves fabricating the libraries. Numerous methods ex-
ist to construct the lens arrays, but the details greatly
depend upon the materials and size scale that are chosen
in the design step. If large lenses from a soft material
are required, conventional techniques used in the fab-
rication of JKR-type lenses can be utilized [28, 29]. If
large lenses from a rigid material are required, many
suppliers fabricate rigid spherical caps for the optics
industry. In this case, the individual lenses can be ar-
ranged manually into a two dimensional array, fixed,
and used. In many cases, proper cleaning and storage
of a lens array can allow lenses to be used repeatedly.
If the lens arrays are required to be small and com-
pact, numerous parallel, self-assembly techniques have
been described in the literature for making microlens
arrays. These techniques or the method for making elas-
tomeric stamps typically used in soft-lithography pro-
cessing can be used [24, 30–35]. An example of mi-
crolens array that was fabricated using steps similar to
those in soft-lithography processing is shown in Fig. 3.
The main objective in the fabrication of the lens arrays
is to use a method that allows the shape and composition
of the individual lenses to be controlled and uniform.
Uniform lenses on a planar substrate simplify the analy-
sis of the MCAT results, thus increasing the throughput
and knowledge discovery.

For the complementary substrate, any material can
be used. The rigid material for the complementary sub-
strate can be either the material of interest or it can sim-
ply act as a supporting layer for other materials that will
be used in the combinatorial investigation. For exam-

ple, in many recent MCAT experiments, silicon wafers
and glass microscope slides have been used as comple-
mentary substrates. In these cases, the rigid substrate
has been coated using conventional or combinatorial
techniques. An example of a conventional technique is
spin-coating or doctor blading. A combinatorial coat-
ing technique is flow coating which applies a polymer
coating with a continuous thickness gradient in one di-
rection. As in the fabrication of the lens arrays, any
technique or material can be adopted for the comple-
mentary substrates. The most important point is to meet
the criteria of the library design. For example, if small
microlens arrays have been chosen for the investigation,
the roughness of the complementary substrate should
not be commensurate with the size scale of the mi-
crolenses. This combination will result in nonuniform
contact areas that complicate a parallel analysis routine.

3.1.3. MCAT library evaluation
The evaluation step in a combinatorial methodology in-
volves conducting the experiment. For the MCAT tech-
nique, the experiment consists of the two dimensional
array of lenses contacting and separating from the com-
plementary substrate. To conduct this test, the appro-
priate instrument and steps must be used.

The MCAT instrument is designed to perform essen-
tial tasks while satisfying the throughput requirements
of the research laboratory. In other words, the tasks
can be automated (providing the highest-throughput) or
performed manually. First, the MCAT instrument drives
the two libraries into contact and controls their subse-
quent separation. A manner for accomplishing this task
is to fix one component to a stationary base and use a
linear actuator (automated or manually-driven) to move
the other component into and out of contact. Prior to
contact and separation, the two components are aligned.
Since the lens array and the complementary substrate
are planar objects, to properly map the adhesion of the
entire library, the entire microlens array should con-
tact the complementary substrate. Although each lens
is not required to contact the substrate at the same time,
the two components should be sufficiently aligned to
permit contact over the entire array. Alignment can be
achieved by having one component fixed to a tip/tilt
stage that can be adjusted with precision for the given
length scales associated with the library design.

After alignment and during the process of contact and
separation, the collection of data is completed through-
out the history of the test. The primary parameters that
are recorded are the contact areas of each lens and the
relative displacement of the overall array. To quantify
the relative displacement, optical displacement sensors
and capacitance based sensors provide convenient and
simple measurements. The key feature of these sen-
sors is that the measurement is made without contacting
either library component. Contact based displacement
measurements can affect the force or displacement dis-
tribution applied to the lens array. Using an external
displacement sensor rather than relying upon the inter-
nal encoder of the actuator also is advised since it limits
the effect of instrument compliance in the accuracy of
the adhesion measurement.
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To record the contact areas, an optical microscope
or video camera with appropriate objectives should be
used to monitor the interface. If the entire array cannot
be imaged in one field of view with sufficient resolution,
an automated system of x-y translation stages permits
the ordered mapping of a large sample through multiple
image captures. This “automated” optical microscopy
is a standard feature on many current optical micro-
scopes or can be custom-built as described in Meredith
et al. [25].

To conduct the experiment, two modes can be used.
The first mode is a continuous-motion mode. In this sce-
nario, the actuator drives the two components into and
out of contact at a constant displacement rate. During
the displacement of the components, the displacement
and contact area measurements are recorded at a fixed
rate. The time and spatial resolution of the displacement
and contact area measurements should be sufficient to
provide at minimum five data points upon contact and
five data points upon separation. To synchronize the
data in this mode, a time stamp should be used to cor-
relate the contact area and displacement measurements.
The advantage of this mode is that the velocity at which
the contact area changes can be quantified for each lens.
As found in previous research, the rate of change in the
contact area dictates the interfacial properties of many
polymer systems.

The alternative option for an MCAT experiment is a
step-motion mode. Here, the actuator displaces an ar-
bitrary step distance. After the step is completed, the
system is allowed to equilibrate for an arbitrary time
before proceeding to the recording of the displacement
and contact areas. This equilibrium time allows the con-
tact areas to stop changing at a given displacement, thus
ensuring that the contact area and displacements across
the array will be properly compared. The advantage of
this mode is that time synchronization is not necessary
for correlating the contact area and displacement data.
This mode also is most adaptive to high-throughput
analysis and mapping. The disadvantage of this mode
is that velocity dependent properties are not captured
and can lead to non-absolute measurements.

3.1.4. MCAT library analysis
Qualitative and quantitative approaches to analyzing
MCAT experiments can provide rapid, high-throughput
solutions to adhesion characterization. To qualitatively

Figure 4 Sequence of images illustrating contact history of an MCAT experiment at three representative times: (a) approach, (b) maximum contact
and (c) retraction. These results are a simulation where the center region of lenses have a higher adhesion, thus causing them to remain in contact the
longest.

analyze the MCAT data, the most valuable approach
is the visual observation of the overall array during
contact and separation. This approach is demonstrated
in Fig. 4. The MCAT library is designed to have the
lenses with the greatest adhesion remain in contact the
longest total time. In other words, if the two compo-
nents of the MCAT library are well-aligned, then the
region or lenses that separate last define the conditions
where maximum adhesion is experienced. This qualita-
tive analysis provides an efficient means of mapping the
adhesion of a surface on a comparative level. In fact, for
quality control screening in an online process this ap-
proach could be augmented by including a row or region
of well-defined standard interfaces. These standard in-
terfaces would act as a benchmark for visual compar-
isons of the adhesion of the other lenses in the library.

To analyze the MCAT results in a quantitative man-
ner, the first task is to measure the contact areas of the
individual lenses throughout the history of a given ex-
periment. This task is best accomplished by using image
processing software such as Image-Pro, NIH Image,
or Scion Image. After the contact areas are measured,
they are converted to contact radii, and correlated to
the relative displacement for each lens. The time of the
contact area image and the time of the displacement
measurement serve as a convenient means of synchro-
nization. Each lens has a unique definition of zero dis-
placement where the relative displacement for a given
lens is defined as zero at the initial point of contact.
This definition provides a natural adjustment for minor
misalignment between the two library components. As
the contact radii and displacements are correlated, they
should also be recorded with the array coordinates of
the lens position. The spatial coordinates of the lens
defines the conditions in parameter space under which
the interface is formed and failed.

For each lens, the contact radius is plotted as a func-
tion of the applied relative displacement. The resulting
curve is referred to as the contact history for a given
lens (Fig. 5). This contact history is used to determine
the three main quantities that are used to describe the
adhesion of the interface at each point in the combi-
natorial library. The first quantity that is measured is
the hysteresis. For an elastic system, the hysteresis of
the contact history is related to the total dissipated en-
ergy during the failure of the interface. For viscoelastic
systems, the relation is more convoluted, but qualita-
tive comparisons can still be made with this quantity.
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Figure 5 (a) Contact history for two lenses with different interfaces.
The PS/PS interface exhibits significant hysteresis while the PS/PDMS
interface exhibits no hysteresis. (b) Driving force for interfacial failure,
G, as a function of normalized contact radius for both interfaces. (Used
with permission from Crosby et al. [24]).

Another quantity that is easily determined from the con-
tact history is the strain at final failure. These two quan-
tities provide quick comparative quantities for making
relative, quantitative measurements across the combi-
natorial library, but they do not constitute an absolute
measurement of adhesion.

To quantify the interfacial strength, the driving force
for interfacial fracture must be determined. For elastic
systems, this driving force is typically referred to as the
energy release rate, G. For the combinatorial library in
the MCAT experiment, G is calculated by rearranging
Equation 1, and usingG as fitting parameter for defining
a curve to best-fit the contact history. For viscoelastic
materials, a similar quantitative approach can be used,
but the details are beyond the scope of this discussion.
The driving force, G for elastic systems, is then plotted
as a function of the normalized contact radius (Fig. 5b)
or the interfacial crack velocity, da/dt. The critical en-
ergy release rate for propagating an interfacial crack is
dependent upon the crack velocity, and this relation-
ship has been shown to be an absolute property of the
interfacial system [13, 18, 29].

Although producing contact history plots, calculat-
ing the final failure strain, and determining G vs. da/dt
is a conventional means of analyzing a contact adhesion
test, the knowledge discovery benefits of the MCAT are
not augmented by these conventional means of analy-
sis. To discover trends in the development of adhesion
in multivariable environments, the results of an MCAT
experiment are best presented in a new, adhesion-map
format. An example of map format is the contact his-
tory map that is shown in Fig. 6. In this figure, an im-
age sequence of 850 images (nearly one gigabyte of
data) is collapsed into a single image. To accomplish
this storage and presentation format, image processing
software and custom-written routines are used to repre-
sent time of contact with pixel intensity/color. Through
this transformation, the resulting image is a map where
the lens remaining in contact the longest is indicated
by the brightest pixels. In addition to contact time, sim-
ilar maps can be created for G, Wadh, and da/dt .

3.1.5. MCAT example
To demonstrate the MCAT process, we briefly describe
an example that demonstrates the main concepts. This

Figure 6 Contact history map of seven microlenses at a fixed displace-
ment. Pixel intensity is directly related to time of contact (i.e., bright
spots remain in contact the longest).

experiment was performed and reported by Crosby
et al. in a recent publication [4, 24].

In this example, Crosby et al. used the MCAT
methodology to compare the interfacial strength of
polystyrene/polydimethylsiloxane (PS/PDMS) inter-
faces to polystyrene/polystyrene (PS/PS) interfaces.
For the initial investigation, the library was designed
to have two distinct regions: (1) PS/PS interfaces and
(2) PS/PDMS interfaces. To fabricate this library, a mi-
crolens array was fabricated from crosslinked-PDMS.
This PDMS microlens array was made by using a mold-
ing technique similar to the process for making stamps
for soft-lithography. An image of the microlens array
is shown in Fig. 3. To create the two regions in this li-
brary, the center region of the PDMS array was coated
with a thin film of polystyrene. This coating was ap-
plied through a water-floating technique that has been
described previously [24]. For the complementary sub-
strate, a silicon wafer was spin-coated with a uniform
thin film of polystyrene. This combination of partially-
coated PDMS microlens array and PS-coated silicon
wafer will create the designed library of two distinct
interfacial composition regions upon contact.

After fabricating the library, the two components
were placed on the MCAT instrument and subsequently
brought into and out of contact in one continuous mo-
tion. Specifically, the silicon wafer was held in a fixed
position while the microlens array was moved at a fixed
displacement rate of 1 µm/s by a motorized linear ac-
tuator. An upright microscope was used to visually ob-
serve and record the contact areas across the library.
For the first test, the library components were brought
into contact at a fixed temperature of 25◦C. At this tem-
perature, the interfacial strength of the PS/PDMS and
PS/PS regions were equivalent within the resolution of
the MCAT instrument that was used. For the second
test, the same library was brought into contact at an
elevated temperature of 80◦C. At this temperature, the
polymers in the symmetric glassy polymer interface
diffuse across the interface. This diffusion creates en-
tanglements that strengthen the interface. For the quan-
titative analysis, the contact history for two individual
lenses was measured manually (Fig. 5). This contact

4445



COMBINATORIAL AND HIGH-THROUGHPUT POLYMER SCIENCE

history clearly shows the increase in hysteresis at the
elevated temperature for the glassy polymer interface.
Accordingly, from the contact history the energy release
rate for the two interfaces at the elevated temperature
can also be calculated (Fig. 5).

The increase in adhesion at the PS/PS interface is
sufficient to fail the PS coating on the PDMS array.
In other words, the applied energy required to prop-
agate an interfacial crack at the newly formed PS/PS
interface exceeds the required energy for propagating a
crack through the PS coating on the PDMS array. This
difference in fracture strength results in a “weld” spot
being deposited onto the PS-coated silicon wafer. This
welding does not occur in the test conducted at 25◦C,
but it occurs within the time of the test conducted at
the elevated temperature of 80◦C. This observation led
Crosby et al. to quantify the critical temperature for
welding of PS/PS interfaces.

To determine the critical welding temperature of
PS/PS interfaces, Crosby et al. designed a combinato-
rial test to determine the influence of coating thickness
on the critical welding temperature. The MCAT library
for this test is similar to the one described above with
the exception that the entire PDMS array is coated with
a PS thickness gradient coating. This thickness gra-
dient PS coating was applied to the PDMS microlens
array through the same water-floating technique as in
the previous study. The complementary substrate for
this measurement was a PS-coated silicon wafer that
was fixed to a temperature gradient stage. During the
process of contact and separation, the two library com-
ponents are arranged such that the thickness gradient
is orthogonal to the applied temperature gradient. This
design allows each contacting lens to measure a unique
combination of temperature and thickness. The result
of this measurement is shown in Fig. 7. Clearly, the crit-
ical welding temperature does depend on the thickness
of the coating over a range of thicknesses. This trend
of how coating failure depends on thickness and tem-
perature is discovered within the same time required to
conduct a single conventional adhesion measurement
at one temperature and one thickness. In addition to the
qualitative trend displayed in Fig. 6, the entire contact
history from this experiment can be used to quantify
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Figure 7 Results of MCAT experiment that measured the dependence
of welding temperature for coating failure on coating thickness. Two
individual data points were collected using uniform conditions.
“Welded” region denotes coating failure. (Used with permission Crosby
et al. [24]).

the adhesion and fracture energies across this parame-
ter space. The choice of analytical detail remains with
the user.

3.2. Combinatorial edge delamination tests
Edge delamination tests are commonly used in the
electronic packaging industry to evaluate the adhe-
sion/debonding of polymer coatings that are used as
insulating or bonding layers. The conventional edge
delamination test requires a rectangular coupon of a
defined substrate material to be coated with a polymer
film of interest. This coupon is placed in an oven at an
elevated temperature, allowed to equilibrate thermally
at this temperature, and subsequently quenched to a
lower temperature. During the quenching process, the
mismatch in the thermal expansion properties of the
polymer film and the underlying substrate in conjunc-
tion with the natural stress-concentrating geometry at
the coupon’s corners causes interfacial failure to oc-
cur between the polymer coating and the substrate. The
magnitude of the stress applied to the interface is a
function of the mismatch in thermal expansion proper-
ties, the thickness of the polymer coating, the stiffness
of the polymer coating and substrate, and the change
in temperature incurred during the quenching process.
Accordingly, by conducting several tests at different
temperatures and thicknesses, a database can be col-
lected to define a failure map of critical temperature
and thickness combinations above which failure will
be prevented. This information is especially helpful for
design engineers in the electronic packaging industry
where new materials must satisfy existing operating
temperatures and pre-defined geometric constraints.

3.2.1. Free-edge library design
and fabrication

Although the edge delamination test provides valuable
results, the procedure of running numerous samples to
define a single failure map is laborious, and uncon-
trolled errors can be introduced in the resulting map
from sample to sample discrepancies. For these rea-
sons, Chiang et al. conceptualized a simple, powerful
technique to define failure maps for edge delamination
tests by using combinatorial methodologies [36]. For
this technique, the library consists of a single coupon
with a polymer coating that has a thickness gradient
in one direction. After applying the thickness gradi-
ent coating, the coating is divided into equally sized
square regions. These square regions serve as individ-
ual delamination test samples fixed to a common sub-
strate (Fig. 8). A temperature gradient for quenching the
thickness gradient library is placed orthogonal to the
thickness gradient. In this configuration, each square
region probes the debonding strength of the polymer
interface at four unique points in parameter space.

In this configuration, great care must be taken to en-
sure validity of the combinatorial evaluation. For exam-
ple, if the library is not fabricated in the proper manner,
the geometry of the library can cause one “free-edge”
region to influence the debonding of a neighboring re-
gion. This “crosstalk” is the subject of the published
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Figure 8 Schematic of combinatorial library for edge delamination characterization. (Used with permission Chiang et al. [36]).

Figure 9 Finite element results of 6 × 6 edge delamination library.
Failure map is defined by transition of bonded and debonded regions.
(Used with permission from Chiang et al. [36]).

work by Chiang et al. [36]. In this work, the researchers
use finite element methods to establish standard guide-
lines to dictate the proper definition of combinatorial
edge delamination test libraries. An example of the fi-
nite element results from this work is shown in Fig. 9.
In addition to setting guidelines for proper library de-
sign, these finite element simulations also established
the validity of the technique by producing a failure map
for a well-characterized material.

3.2.2. Edge library evaluation and analysis
More recently, Song et al. have produced an experi-
mental failure map for the adhesion of PMMA films on
silicon substrates (Fig. 10) [37]. In these experiments,
a PMMA film was fabricated with a thickness gradient
ranging between 1 to 11 µm. Orthogonal to the thick-
ness gradient Song et al. placed a surface energy gra-
dient of the underlying substrate. This surface energy
gradient was produced by depositing a self-assembled
monolayer onto a silicon wafer surface. Upon expos-
ing the methyl-terminated SAM layer to UV ozone, a
variety of surface chemistries are created to alter the sur-
face energy of the SAM surface. The dosage of the UV
ozone is directly related to the relative change in sur-
face energy [38], therefore, by controlling dosage in a
linear fashion, a surface energy gradient was fabricated
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Figure 10 Edge delamination libraries before and after cooling. Line
indicates failure map for critical surface energy at varying thicknesses,
or related stresses. (Used with permission from Song et al. [37]).

on the silicon wafer surface. The final library consisted
of a PMMA film with a thickness gradient deposited
on a SAM-coated silicon wafer with a surface energy
gradient. This library was evaluated by exposing it to
liquid nitrogen for 5 s. This low temperature quench
created sufficient stress at the PMMA/SAM interface
to initiate debonding in the regions of surface energy
and thickness that develop the weakest interfaces.

3.3. Combinatorial peel debonding tests
3.3.1. Combinatorial peel design

and evaluation
Similar to the combinatorial edge delamination test,
Song et al. have developed a combinatorial peel
debonding test [39]. The main difference between the
two methods is that the stress used to initiate debonding
is provided by the peeling of a pressure-sensitive adhe-
sive rather than by thermal quenching. The library for
this technique consists of a rigid substrate coated with
a thin polymer film. This film is mechanically divided
into discrete sections with a razor blade. The entire
divided library is subsequently exposed to a gradient
experimental parameter such as temperature or UV ex-
posure. After this step, a pressure-sensitive adhesive is
applied to the surface of the thin polymer film. This
PSA serves as a carrier of an applied stress. The PSA is
gripped by a mechanical testing instrument and peeled
at a given angle from the underlying substrate. Conse-
quently, in the regions where the adhesion of the thin
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polymer film to the underlying substrate is greater than
the adhesive strength of the PSA/polymer adhesion, the
polymer film will remain on the underlying substrate.
In the regions where the polymer/substrate adhesion is
weaker than the PSA/polymer adhesion, the polymer
debonds from the underlying substrate. Accordingly,
this test can be used for a qualitative assessment of
polymer film adhesion.

3.3.2. Combinatorial peel example
Song et al. used this technique to investigate the effect
of surface energy and annealing conditions on the adhe-
sion of PMMA thin films to rigid substrates [39]. Their
motivation was to establish a high-throughput method-
ology to address the complex adhesion issues of pho-
toresists and other polymer films used in the processing
of microelectronic components.

For these experiments, a glass slide was coated with a
self-assembled monolayer of n-octyl dimethylchlorosi-
lane. This methyl-terminated SAM layer was subse-
quently exposed to a continuous gradient of UV ozone
dosage. This gradient in dosage is created by using a
line UV source that is positioned within 200 microns of
the SAM surface. The SAM-coated substrate is acceler-
ated under the UV source, thus exposing each region of
the SAM layer to a decreasing dose of UV ozone. This
process alters the surface chemistry of the SAM layer
and creates a continuously changing surface energy on
one substrate [38].

Onto this surface energy gradient, a PMMA film of
uniform thickness was placed. The PMMA film was
floated onto the substrate through a water-floating tech-
nique. This coating method was chosen to minimize
spin-casting and solvent-evaporation effects on the ad-
hesion of the PMMA/SAM interface since the evapo-
ration of solvent can be analogous to annealing condi-
tions for the PMMA film. After the water is allowed to
evaporate from the sample, the film is divided into dis-
crete strips with a razor blade. These strips extend along
the surface energy gradient as shown in Fig. 11. This
sample is then placed on a uniform temperature stage
to anneal the PMMA film. At different times during
the annealing, the sample is removed and a pressure-
sensitive adhesive is applied to a single strip. This PSA
film is gripped in a mechanical testing machine and the
PMMA-coated substrate is held by the complementary
grips in the machine. At a constant displacement rate,
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Figure 11 Schematic of combinatorial library design for peel delamina-
tion characterization of effect of annealing time and surface energy on
the development of a PMMA/SAM interface.
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Figure 12 Failure map from combinatorial peel delamination test on
PMMA/SAM interfaces. (Used with permission from Song et al. [39]).

the PSA film is peeled from the substrate at a 180 de-
gree angle. During this peeling process, the PMMA
film is debonded from the surface energy gradient. At
a critical surface energy, the failure process no longer
occurs at the PMMA/SAM interface, but it occurs at
the PSA/PMMA interface. This change in failure mode
defines the surface energy at which the driving force for
interfacial failure of the PMMA/SAM interfaces equals
or exceeds the driving force for interfacial failure of the
PSA/PMMA interface. After peeling one strip, the re-
maining sample is placed on the temperature stage for
additional annealing. This process is repeated until all
strips have been tested. Upon completion, one library
defines the development of the critical energy release
rate, or fracture driving force, as a function of anneal-
ing time. Song et al. performed this experiment at three
different annealing temperatures and demonstrated that
the critical annealing times for different temperatures
can be linearly shifted onto one curve in a manner anal-
ogous to the WLF shift factor (Fig. 12) [39].

This technique demonstrates how discrete samples
and conventional testing methods can be combined
with gradient and high-throughput methodologies to
increase the efficiency of experimentation and knowl-
edge discovery. Although the time axis is not a con-
tinuous gradient, Song et al. used a combinatorial ap-
proach by utilizing a single PMMA film, a single PSA
tape, and a single modified-SAM substrate to create a
library [39]. This technique minimizes the experimen-
tal variance that is associated with conventional testing
methodologies while increasing throughput.

4. Summary
This chapter presents an overview of the recent devel-
opments in the use of combinatorial methodologies for
characterizing polymer adhesion. Combinatorial meth-
ods are a way of thinking that can translate into all
stages of experimental design. These methods not only
increase the efficiency of discovering optimal formula-
tions in the development of new adhesives, but they also
increase the development of a knowledge database for
reaching the broader, fundamental goals of the polymer
adhesion community.
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The initial discussion on conventional adhesion char-
acterization methods serves as critical knowledge in the
development and improvement of new combinatorial
methodologies. This background allows us to make the
connection between conventional techniques and com-
binatorial methods while understanding the compro-
mises between screening parameter space and making
quantitative measurements that relate to the molecular
origins of adhesion. As in many combinatorial methods,
the choice of analysis level remains with the user. This
feature may play a strong role in the future exchange
of data and understanding between industrial and aca-
demic research efforts since data can be collected and
separately analyzed to meet the needs and time scales
respectively.

The three methods highlighted in this chapter ad-
dress the characterization of different polymer classes.
These methods are currently used successfully, but the
exploration of broader ranges of parameter space for
all three techniques is ongoing. New methodologies
and improvements of these existing techniques will un-
doubtedly be developed in the future. Accordingly, this
chapter serves as a foundation for building of these
future developments.
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