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Abstract

A custom-built adhesion-testing device (ATD) is described in this paper, which was developed to study energetics of
various solid (polymeric) interfaces. A review is also given of the main techniques of adhesion and adherence measure-
ments, including non-destructive and destructive methods, with major emphasis on the evolution and applications of
contact mechanics techniques. Using the Johnson–Kendall–Roberts (JKR) theory of contact mechanics in the elastic
deformation regime, the interfacial energy of solid surfaces can be obtained by measuring the contact radius, loading
force, and vertical displacement between an (elastic) sphere (lens) and a flat surface (one of which, or both, coated with
the sample of interest). The parameters needed for JKR analyses were determined by our custom-built device. Based on
the JKR theory, the values of work of adhesion, combined elastic modulus and interfacial energy were determined from
the loading and unloading curves on poly(dimethylsiloxane)–poly(dimethylsiloxane) (PDMS) systems. Cumulative
adhesion hysteresis and elastic modulus were also calculated. The results obtained agree well with literature data mea-
sured by different methods. These measurements on compliant PDMS–PDMS model systems can also serve as valida-
tion and verification of the adhesion-testing devices described in this study.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

From a practical point of view, adhesion tests are
developed to characterize adhesives and adhering joints.
According to Tod [1] the main objectives of adhesion
tests are: (i) quality check of an adhesive, (ii) determina-
tion of the effectiveness of a surface pretreatment, (iii)
prediction of a joint performance (data collection), (iv)
selection of an adhesive for a specific application, and
(v) evaluation of the effect of ageing. Considering the
versatility of adhering materials, geometries and require-
ments for adhesive joints, it is obvious that a universally
applicable adhesion-testing method cannot be devel-
oped. It must be emphasized that the adhesion phenom-
enon originates from surface forces acting between
various surfaces. Therefore, surface forces are of utmost
importance for the understanding of adhesion phenom-
ena and for determining the behavior of interfaces. To
date, many techniques have been developed and are
available for direct characterization of surface forces
and adhesion phenomena. In general, these methods
can be classified as destructive and non-destructive mea-
surements [2]. Using destructive methods, sizable parts
of specimens under investigation undergo large defor-
mations. Therefore, bulk viscoelastic properties strongly
influence the value of adhesion measured. As a conse-
quence of the large deformations, there is always a visco-
elastic energy loss, which is hard to deconvolute from
the results. It must be pointed out here that the adhesion
data obtained by both destructive and non-destructive
methodologies is also dependent on the measurement
conditions such as the rate, temperature and humidity
of testing. Destructive adhesion tests always employ
solid bodies and the main three commonly used test con-
figurations include tensile, peel, and shear experiments.

The importance of the intermolecular interactions
between surfaces such as solids, dispersions, emulsions,
lipid bilayers and foams has been realized for a long
time. In order to understand the theoretical background,
and to study the effects of surface forces of such systems,
various techniques and methods have been developed.
The most common test is the wetting method, which
indirectly characterizes the surface tension of the sur-
faces utilizing contact angle measurements [3–8]. This
technique uses a series of test liquids to estimate the sur-
face energy of the substrate. However, specific interac-
tions between the liquid and the solid surface can
influence the values of the contact angles measured. De-
spite of the deficiencies, the wetting method is widely ap-
plied in surface characterizations. The inverse gas
chromatography (IGC) technique is also used in charac-
terization of surface and surface energetics, but mainly
for powders [9]. The results of IGC measurements are
primarily useful for comparing materials. The first suc-
cessfully used instrument to directly measure forces act-
ing on a surface was the surface forces apparatus (SFA)
[10–12]. The apparatus was designed and built by Tabor
and Winterton [10]. Later it was further developed by
Israelachvili and Tabor [11] and by Israelachvili and
Adams [12]. Forces by this device are measured between
two appropriately shaped, smooth mica surfaces, one of
which (or booth) can be coated by a material to be stud-
ied. The SFA apparatus utilizes an interferometer to fol-
low the separation of the smooth mica surfaces, while
the forces are calculated from the deflection of a leaf
spring. Limitations of the SFA approach include that
(i) the samples must be transparent, (ii) the surfaces
studied must be smooth over a large area, and (iii) the
additional mica-sample interface makes the analysis
often complicated [13].

Direct solid–solid surface characterization can be per-
formed by specially designed instruments measuring con-
tact forces, separation and contact areas between two
surfaces (e.g. a lens and flat) [14]. The design of this
device is inspired by the JKR contact mechanics [14] and
will be called hereafter as adhesion-testing device (ATD).
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In the original work of Johnson–Kendall–Roberts
the adhesion was measured between two contacting
spherical rubber surfaces and between polyisoprene and
poly(methyl methacrylate) contacting sphere and flat
pairs. JKR instruments usually utilize an optical micro-
scope to measure the contact area between a spherical
cap (lens) and a flat substrate (or a lens). In the measure-
ment the lens is pressed against the flat substrate (or lens),
and it is subsequently retracted until separation occurs.
Under the imposed displacement (d), the contact area
(a) and the external load (P) are recorded. Using the mea-
sured values of a and P, values of the work of adhesion
can be determined between the contacting surfaces by
the JKR theory. Although the basic principles of the de-
vice and the measurement remained the same, the instru-
mentation has significantly developed through the years
[15–18]. The JKR technique requires that one of the con-
tacting surfaces is optically transparent (or opaque) and
the other should be compliant (or a combination of these).

The most widespread surface force characterization
technique nowadays is the atomic force microscope
(AFM), also known as scanning force microscope
(SFM) [19,20]. Since the invention of AFM a great num-
ber of techniques have been developed as variations of
the original contact mode design, and the scope has
broadened enormously [21]. This technique, which em-
ploys a cantilever-mounted ‘‘ultra’’ sharp tip, a piezo-
electric micropositioner, a cantilever deflection sensor,
and a feedback mechanism for the positioner, was first
used mainly for surface imaging [20]. However, later,
using the force-sensing capacity of the AFM, it was
also applied in surface force measurements i.e. measuring
forces between the tip and the sample vs. their separation
distance. Although such force–distance curves obtained
are often difficult to interpret due to the lack of knowl-
edge of the exact contact geometry, usually the JKR the-
ory of contact mechanics is used to estimate surface
forces and the adhesion also by AFM [21].

Other techniques, such as the so-called measurement
and analysis of surface interaction force apparatus (MA-
SIF) [22,23], thin-film-balance [24–27], osmotic stress
method [28–30], interfacial force microscopy [31], and
optical tweezers [32–35] have been developed for study-
ing surface forces. These techniques also contributed to
a deeper understanding of surface forces and adhesion
phenomena for various interfaces.

In this paper first some of the main techniques of sur-
face force measurements on solid surfaces are discussed;
i.e. a general overview of the destructive adhesion mea-
surements, the wetting method, SFA, AFM, MASIF,
and JKR-like techniques is given. The basic principles
of these techniques will be explained with a special focus
on the milestones of the development of the ATD mea-
surement techniques. Subsequently, we describe in detail
our custom-built adhesion device, which has been used
in studies of various solid interfaces [36,37].
1.1. Destructive adhesion measurements

The term adhesion is used for the fundamental
atomic and molecular forces responsible for holding
two phases together. However, the quantities coming
from destructive tests of adhesion such as the peel
strength, are also widely referred to as adhesion. This
quantity, representing a sum of the work of (thermody-
namic reversible) adhesion, combined with dissipative
energy losses related to various physical and chemical
factors, etc., is referred as adherence in this paper.

Destructive tests are traditionally used to investigate
adherence of adhesives (joints) or coatings, however the
results of these measurements primarily reflect the
mechanical response of the interface in combination
with the theoretical work of adhesion [2]. Thus, informa-
tion obtained is primarily related to the practical perfor-
mance of the tested materials. Through the years a
number of experimental tests have been standardized
(ISO, ASTM, etc.). Well-established and widely used
tests include (i) peel tests including peel at 90� and
180�, T-peel, climbing drum, floating drum, tape-test,
etc.; (ii) fracture and impact resistance tests; (iii) tensile
or compression tests (axially load) of butt joints and
various layouts of lap joints; (iv) shear torsion; (v) shear
fatigue; (vi) blister test; and (vii) cleavage [1].

Several attempts have beenmade to decouple the ther-
modynamical work of adhesion from the rheology of
joint and to interpret the related phenomena of adhesive
and cohesive failure by destructive tests [2,38]. Some the-
ories of fracture processes have been developed to ana-
lyze mathematically the load values at which the cracks
propagate and describe the manner in which they grow
[39]. The two main approaches are the fracture mechan-
ics using the stress intensity factor [40] and the energy-
balance approach using the strain energy release rate [41].

The most common test method used to describe the
performance of flexible joints is the peel test. The basic
layouts for the corresponding experiment can be seen
in Fig. 1. Using the energy-balance approach, if a 90�
peel of an inextensible strip is considered (Fig. 1a) the
peel energy P (also called peel strength) is given as [2]:

P ¼ F =b ¼ W a ½or W c� þWplast þWv=e þWbend ð1Þ

where F is the measured peel load, b is the width of the
strip, and Wa and Wc are the work of adhesion and
cohesion, respectively. The rheology is included by
means of the term of energy dissipation W, which is
the sum of Wplast (plastic deformation), Wv/e (viscoelastic
loss), and Wbend (bending).

The crack propagates (i.e. the peeling proceeds) if the
amount of the work of fraction per unit area (G)
reaches, or exceeds, the value of the critical strain energy
release rate (Gc), which is also known as adhesive frac-
ture energy. For a general peel test (Fig. 1c) the value
of Gc is given as:



Fig. 2. Schematic of contact angle of a liquid on a solid. csl, csv,
and clv are the solid–liquid, solid–vapor, and liquid–vapor
interfacial tensions, respectively.

Fig. 1. Different types of peel tests. (a) 90� peel, (b) 180� peel,
(c) general layout, (d) T-peel, and (e) climbing drum [2].
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G ¼ P ð1� cosxÞ P Gc ð2Þ

Similar to the peel energy P in Eq. (1) the G can be
expressed as the sum of energy and energy dissipation
terms:

G ¼ W a ½or W c� þW ð3Þ

Similar approaches can be used for the other destruc-
tive tests, as well. The main disadvantage of the destruc-
tive adhesion tests is that the interface is irreversibly
destroyed. A further challenge is that the results ob-
tained depend on the test parameters [1]. For instance
the values acquired are mainly influenced by the test rate
and the temperature because of the effect of viscoelasti-
city [42]. Thus the glass transition temperature of the
adhesive becomes a key parameter in these measure-
ments. Another important parameter is the thickness
of the adhesive within an adhesive joint, since essentially
the energy dissipation takes place within this layer [1].
Many tests, for example tensile and shear tests, measure
a critical stress rather than the energy value of the energy
of fracture [43]. Therefore the destructive tests reflect the
rheology of the joint more than the surface energy or the
work of adhesion. Both rheology of joints and funda-
mental interfacial forces contribute to the data measured
by the destructive tests, and both determine the loads
under which the joint will fail in service.

1.2. Non-destructive measurements

These methods are primarily used for the deter-
mination of thermodynamic work of adhesion. In this
section some of the main techniques are listed with
special emphasis on the adhesion-testing device deve-
lopment.
1.2.1. Contact angle measurements

Contact angle measurements have been used exten-
sively to estimate surface energy of a solid. The general
layout of a contact angle between a solid and a liquid is
depicted in Fig. 2.

The solid–liquid equilibrium can be stable or meta-
stable [38]. Stable equilibrium can be achieved if the sur-
face of the solid is ideally smooth and homogeneous,
planar and non-deformable. Metastable equilibrium
can occur if the surface of the solid is rough or heteroge-
neous. The metastable contact angle depends on the
droplet size, advancing (ha) or receding (hr) state of the
droplet, and mechanical perturbations. The difference
between ha and hr is called contact angle hysteresis. If
it exists, its value can refer to a rough or chemically het-
erogeneous surface, as well as to interactions between
the solid surface and the probe liquid [38].

The surface tension (cs) of solid polymers is usually
characterized by known reference liquids [44]. Assuming
the interfacial tension between the liquid–vapor (clv) to
be known, measurements of the equilibrium contact
angle h lead to the difference between the solid–vapor
(csv) and solid–liquid (csl), surface tension values accord-
ing to the Young–Dupré equation, which is given as:

clv cos h ¼ csv � csl ð4Þ

The surface energy of a solid cannot be simply deter-
mined from this equation, since csv and csl cannot be
evaluated separately without additional information.
Furthermore, the value of csv is not equal to cs. The
spreading pressure (pe) gives relation between them:

pe ¼ cs � csv ð5Þ

However, the value of pe is negligible when the contact
angle is below 10�. In order to estimate the surface en-
ergy of solids from experimental data several models
have been developed. These models usually apply if cer-
tain simplifications are considered.

The Zisman�s plot is one of the most frequently used
approach for surface tension determination [3]. The
principle was to measure contact angles of a series of liq-
uids of decreasing surface tension on the solid material
of interest. Zisman and coworkers also introduced the
concept of critical surface tension (cc) [3]. This empirical
quantity is defined as the value of clv at the intercept of
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cos h vs. clv with the horizontal line, cos h ¼ 1. The esti-
mated surface energy is written as:

cHZisman ¼ cc ¼ lim
h!0

clv ð6Þ

where the value of cos h varies with clv. A drawback of
this equation is that the predicted value of cc depends
on the probe liquids and is not universally valid.

The Good–Girifalco–Fowkes� (GGF) equation was
developed to improve the shortcomings of the Zisman
analysis. The Zisman�s plot takes neither the solid–liquid
interaction, nor the difference in interactions between
the solid surface and different probe liquids into ac-
count. The first model to account for the solid–liquid
interaction is the GGF equation, which is based on the
so-called Berthelot�s relation [45] for constants express-
ing the attraction [4,5]. The GGF equation is valid only
when the solid–liquid interactions are dominantly dis-
persive. Using:

csl ¼ csv þ clv � 2U
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðcsvclvÞ

p
ð7Þ

in Young�s equation leads to:

ð1þ cos hÞ
2

¼ U
ffiffiffiffiffiffi
csv
clv

r
ð8Þ

where the U is the Good–Girifalco parameter, which can
be determined if the chemical constitution of the surface
is known.When the solid–liquid interactions are predom-
inantly dispersive,U! 1 the surface energy (ceGGF) can be
obtained from the plot of cos h vs. c�0.5

lv , which is known
as the Good–Girifalco–Fowkes� plot. Mangipudi [13]
tested solid polymer surfaces using various probe liquids
and reached the following conclusions: (i) the value of U
depends more on the probe liquid than on the nature of
the solid surface, (ii) using liquids with predominant dis-
persive interactionsU is close to unity (London dispersive
forces are dominant), (iii) U is small if the association
effects of the probe liquid (water, formamide, etc.) due
to H-bonding are dominant, and (iv) the value of U is
moderate when the molecular size of the probe liquid
is relatively large (larger than water). Mangipudi also
noted that the value of U increases as the molecular size
of the probe liquid increases. This means that as the
molecular size increases, the contribution of dispersion
interactions to the total intermolecular forces increases.

Wu�s equation of state is a series expansion of GGF
equation [6]:

cc;U ¼ U2cs � pe ¼
ð1þ cos hÞ2clv

4
ð9Þ

The value of the corresponding surface tension ceWu is the
maximum of the plot of cc,U vs. clv. The advantage of
Wu�s equation is that it accounts for solid–liquid inter-
actions, though only qualitatively.

The geometric mean approximation, proposed by
Wu [7], is an extension of the GGF equation. This ap-
proach is necessary to compensate for the deficiency of
GGF which predicts a significantly higher value for cs
than the critical surface tension where cs is predicted sig-
nificantly higher than the critical surface tension. Dis-
persive and polar components of solid surface energy
are calculated by solving the following equation:

clvð1þ cos hÞ ¼ 2
ffiffiffiffiffiffiffiffiffi
cds c

d
lv

q
þ 2

ffiffiffiffiffiffiffiffiffi
cps c

p
lv

q
ð10Þ

The harmonic mean approach [8] is similar to the
geometric mean approximation. In this approach the
surface energy of the solid can be calculated by solving
the following equation:

clvð1þ cos hÞ ¼ 4
cds c

d
lv

cds þ cdlv
þ 4

cps c
p
lv

cps þ cplv
ð11Þ

The values of surface energies and work of adhesion
calculated by means of the aforementioned theories are
reasonably correct and widely used [46]. However, all
these methods employ questionable simplifications.
The most frequently questioned simplifications are the
following [46,47]:

• In the basic approach of the work of adhesion the
spreading pressure pe is included, which is generally
assumed to be zero.

• The critical surface tension, cc, is also questioned to
be a characteristic quantity of the surface.

• The value of the GGF interaction parameter U is
usually made equal to unity. However, other
approaches claim that the surface energy is a sum
of the acting forces at an interface.

• The geometric and the harmonic means use the con-
cept of polar components. This is suggested to be
replaced by acid–base interaction parameters.

1.2.2. Inverse gas chromatography

Powder particles are a special type of solid bodies due
to their small size, often broad size distribution, and
usually irregular surface topography. For the investiga-
tion of their surface characteristics a unique technique,
the inverse gas chromatography (IGC), can be used. In
practice, the IGC measurements are carried out in a sim-
ilar manner as traditional gas chromatography measure-
ments, though in the case of IGC the stationary phase
(powder) is the subject of interest [48]. The interactions
between the eluent and the stationary phase influence
the shape and the elution time of the chromatogram.
Theoretical work of adhesion (Wa) can be obtained by
using the following equation [49,50]:

W a ¼ 2ðcd1cd2Þ
1=2 þ nabf DH ab

A ð12Þ

where f is a chromatography correction factor, nab is the
number of interacting acid–base sites at the surface of
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the sample of interest, DH ab
A is the enthalpy related to

acid–base interaction, and cd1 and cd2 are the dispersive
components of the surface tension of phases 1 and 2,
respectively. If only secondary forces are acting between
the sample and the eluent, the value of Wa can be deter-
mined from the free enthalpy of adsorption and the net
retention volume. Two alternative approaches have been
worked out for the calculations. The fist approach is
given as [48,51]:

RT ln V ¼ 2Nðcds Þ
1=2aLVðcdLVÞ

1=2 þ C ð13Þ

where cdLV is the surface energy of the probe, V is the net
retention volume, and C is a selected reference state
dependent constant.

The second approach is given as [52]:

�RT ln
V

V nþ1

¼ 2Nðcds Þ
1=2aCH2

ðcCH2
Þ1=2 ð14Þ

where N is the Avogadro number, Vn and Vn+1 are the
retention volumes of n-alkanes with n and n + 1 atoms,
respectively, aCH2

is the surface area occupied by a
–CH2– group, and cCH2

is the surface tension of the
polymer.

In case of acid–base interactions between the adsor-
bate and the adsorbent the value of DH ab

A can be deter-
mined by the following equations:

DGab
A ¼ �RT ln

V
V r

; DGab
A ¼ DH ab

A � T DSab
A ð15Þ

where DGab
A is the acid–base part of the free enthalpy of

adsorption, Vr is the retention volume, and DSab
A is the

entropy of acid–base interaction of the components.
The value of DH ab

A can be obtained from the slope of
DGab

A =T–1=T plots. The other method derives the value
of DH ab

A from the acid–base parameters of the compo-
nents [51,53,54]:

DH ab
A ¼ KADN þ KDAN ð16Þ

where the KA and KD are constants characterizing the
acidity and basicity of the solid surface, and DN and
AN are the acceptor and donor numbers of the probe,
respectively.

A disadvantage of the IGC technique is that the re-
sults obtained on materials exhibiting high-energy sur-
faces are sensitive to the pretreatment of the sample
e.g. water content, as well as to the measurement con-
ditions [55]. Therefore, the determined surface charac-
teristics of these materials are influenced by the
circumstances of sample preparation procedure and
measurement conditions. In order to obtain appropriate
and comparable data the measurements should be per-
formed under similar (or standard) conditions.

The IGC technique has been used to characterize the
surface characteristics of CaCO3 fillers of polymer sys-
tems [55], mineral oxides [56,57], polymeric materials
[58], polymer impregnated inorganic materials [59],
toner particles [60], among others.
1.2.3. Surface forces apparatus

Based on the work of Derjaguin and coworkers
[61,62], Tabor and Winterton built the so-called surface
forces apparatus (SFA) in 1969 [10]. The basic require-
ments they set were the application of smooth surfaces
(mica), accurate measurement of the separation (multi-
ple beam interferometry), and sensitive measurement
of the attractive forces. The specimens used were two
cylindrically bended and crossed mica sheets, which
were attached to a leaf spring and a piezoelectric device.
The force acting between the mica surfaces was mea-
sured with a sensitivity of 10�8 N. The apparatus uti-
lized a metal spring and a pivoting arm to which the
mica cylinders were attached. During measurement the
pivoting arm (leaf spring) was rotated upwards coarsely
by a screw thread. The fine adjustment was carried out
by means of a piezoelectric transducer. In these experi-
ments the deflection of the measuring spring due to
attractive forces was studied and the surface force could
be calculated using the value of the spring constant.
Later the SFA apparatus was refined by Israelachvili
and Tabor [11], then by Israelachvili and Adams [12].

Typical contemporary constructions utilize an inter-
ferometer to follow the separation of the cylindrically
bended (radius �1 cm) and crossed mica sheets
(Fig. 3). At the surfaces of thin (2–3 lm) mica sheets
the molecules of interest can be deposited or adsorbed.
By measuring the wavelengths of fringes of equal chro-
matic order (FECO) the film thickness of material on
the mica, the separation distance between the surfaces,
and the radius of curvature can be determined with a
resolution of 0.1 nm (Fig. 4) [63,64]. The distance be-
tween the mica surfaces is controlled by the use of (i)
coarse control by the upper rod (�50 nm), (ii) medium
control by the lower rod (0.1 nm), and (iii) piezoelectric
tube (0.1 nm) (Fig. 3). The force acting between the sam-
ples is measured by a single or double cantilever spring,
which have stiffness as that can be adjusted during the
experiment. The interaction force can be calculated by
applying Hook�s law (F = kDx), i.e. multiplying the
spring constant (k) and the distance difference between
the piezodisplacement and the sample separation (Dx).
The sensitivity of the force measurement is better than
100 nN in favorable conditions. Using SFA force–dis-
tance curves, values of pull-off force, contact radius
(from the shape of the FECO fringes see Fig. 4a and
b), and radius of mica curvature can be obtained. The
measurements can be carried out in liquids or vapors.
Limitations of the SFA measurement include that (i)
the samples need to be transparent, (ii) surfaces need
to be smooth over a large area, and (iii) the additional
mica–sample material interface makes the analysis com-
plicated [12].

It must be pointed out, that the use of the SFA appa-
ratus is not restricted to surface force measurements.
The development of the SFA expanded its application



Fig. 3. Schematic showing the surface forces apparatus. (Reproduced from [63], Copyright (2005), with permission from Elsevier.)

Fig. 4. Interferometry in SFA. FECO fringes when the surfaces are (a) in contact, and (b) separated. The separation distances between
the samples can be obtained by measuring the wavelengths of the fringes. (Reproduced from Ref. [64] with permission by Applied
Maths SFA Laboratory, ANU, Australia.)
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fields to study shearing and friction forces, as well by lat-
erally moving the mica sheets. This technique has con-
tributed to the deeper understanding of the surface
forces acting between micas [65], polymer surfaces
[66,67], Langmuir–Blodget deposition [68,69], metal sur-
faces [70,71], refractive index measurement [72,73], pro-
tein adsorption [74], interfacial friction [75,76], viscosity
[76–84], etc.

1.2.4. Atomic force microscopy

A very popular and versatile surface force measuring
technique is the atomic force microscope (AFM), which
was invented originally for surface imaging [19,20]. An
AFM apparatus consists of four major components:
cantilever deflection sensor, feedback mechanism for
the positioner, piezoelectric micropositioner, and a can-
tilever-mounted tip (Fig. 5). According to the measure-
ment modes, the AFM can be operated in contact,
tapping, force modulation, and electric force mode. De-
tailed descriptions of these operating approaches can be
found in the literature [21,85]. However, for our pur-
poses essential is the measurement of the so-called
force–distance curves. Since the AFM measures forces
and displacements with high accuracy in the range of
10�13–10�8 N and 0.1 Å [86], respectively, it can be used
as a ‘‘surface forces apparatus’’.



Fig. 5. Major components of an AFM apparatus: (1) cantilever deflection sensor: laser diode (A), mirror (B), 4-point photodetector
(C); (2) feedback mechanism: divider/amplifier (D), differential amplifier (E), integrator (F), CPU and monitor (G), x–y translator (H);
(3) piezoelectric micropositioner (I), sample (J); (4) cantilever mounted tip: cantilever (L), tip (K), and focusing lens (M).

Fig. 6. Typical force–displacement curve for an AFM approach–withdrawal cycle [93].
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The adhesion forces are studied by the analysis of the
force–distance curves captured during the approach and
the retraction of the sample with respect to the tip
(Fig. 6). The measured value of the pull-off force, Fad,
(or adhesion force) is related to the work of adherence
by either the DMT [87] or the JKR theory [14]. The
DMT theory gives the following relationship between
the pull-off force Fad and the work of adhesion W:

F ad ¼ �2pRW ð17Þ

where R is the radius of the tip. The DMT approach is
used when finite range forces, no deformation, and zero
contact area in the moment of tip and sample separation
are assumed. In practice, the adhesion force is usually
calculated by the JKR theory of contact mechanics
[14] since the surface profile and contact area of the con-
tacting surfaces are better described. The JKR pull of
force Fad is given as:

F ad ¼ � 3

2
pRW ð18Þ

The contact radius a at pull-off in the JKR approach
is defined by:

a ¼ 1.2pR2W
K

� �1=3

ð19Þ

where K is the effective elastic modulus of the contact
and is given (with the respective moduli E and Poisson�s
ratio m) as:

1

K
¼ 3

4

1� m2tip
Etip

þ
1� m2sample

Esample

 !
ð20Þ



Fig. 7. Scheme of the MASIF apparatus. (Reprinted from [23], Copyright (2005), with permission from Elsevier.)
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The estimation of the tip radius is crucial for the cor-
rect calculations, since it essentially affects the contact
area between the tip and sample. Methods used to ob-
tain the tip radius include inspection of electron micro-
scope images of the tip [88], profiling of tips with
sharp objects [89], or with colloidal gold clusters [90].
If colloidal spheres attached to cantilevers are used as
probes, their radii can be known a priori [91,92].

Parallel with the development of AFM related sur-
face force measurements, various techniques have
emerged such as experiments in dry environment [94],
in organic liquids [95–97], measurements of single
molecular interaction forces [98], force titrations
[99,100], and for monitoring chemical interaction by spe-
cific forces the so-called ‘‘chemical force microscopy’’
(CFM) [101–103]. Thus, by measuring surface forces
the physical and chemical properties of a given surface
can be mapped. Surface force measuring techniques
can employ tips modified by alkanethiols [95,104,105],
organosilanes [96,97], etc. to enhance chemically specific
contrast. Modification can also be done by the attach-
ment of a nanotube with a single reactive group on its
end or a colloid particle in order to overcome the chal-
lenge of the undefined tip shape as mentioned before
[91,92].

Using AFM, the force–distance curves obtained can
be related to the surface properties in a fast manner.
However, force–distance curves obtained are sometimes
difficult to interpret due to the lack of exact knowledge
of the contact geometry. The necessary calibration of
the spring constant (k) of cantilevers may also have
uncertainties, thus the obtained results must be inter-
preted with care.

1.2.5. Measurement and analysis of surface interaction

force apparatus

The measurement and analysis of surface interaction
force apparatus (MASIF) [22] resembles the SFA and
the AFM approaches, as well. Similar to SFA, it utilizes
large contact areas, thus it is more sensitive to surface
roughness and contamination. As the approach is used
to measure non-transparent materials, the apparatus is
not equipped with contact area detection. Therefore,
the direct determination of the surface separation is
not possible. Similar to AFM, MASIF allows one to
measure surface forces in a fast manner.

The MASIF utilizes a bimorph force sensor to obtain
interaction forces between the materials of interest
(Fig. 7) [23]. In this device the sample with one surface
of interest is mounted on a piezoelectric tube and the
other on the bimorph force sensor. The molecules of
interest are deposited, or adsorbed, on glass spheres
(R � 1–2 mm) [106], which are prepared by melting glass
rods and flame polishing the spherical surfaces. During
measurement the surfaces are brought into contact and
separated again in a continuous manner. The coarse
sample approach is carried out by a DC motor and
the fine movements by a piezoelectric tube. The separa-
tion of the surfaces is calculated from the travel of the
piezoelectric tube and from the deflection of the bimo-
rph force sensor. A displacement transducer is used to
directly monitor the displacement of the upper sphere
sample. Contact is assumed when the displacement of
the piezotube and the deflection of the force transducer
are equal. The volume of the apparatus is rather small
(10 ml). The MASIF apparatus was used to study poly-
mers [23,107], interactions in emulsions [108], Lang-
muir–Blodget films [109,110], and sugar surfactants
[111] with success among other things.

1.2.6. Adhesion-testing device (ATD)

To study the effects of surface forces, sensitive
mechanical measurement techniques were developed be-
fore the 1970s [10,61,62]. Although the significance of
surface force measurements was recognized, correspond-
ing contact mechanics theories including adhesion had
not been described at the time of construction of the first
devices, i.e. the theory relating the observed deformation
to the acting surface forces was inadequate. The existing,
widely accepted theoretical approach was the Hertz
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model which did not account for adhesion. In 1971
Johnson, Kendall, and Roberts worked out and pub-
lished their milestone theory qualitatively describing
contact mechanics [14]. In this paper it was shown that
there is a finite contact area between surfaces under zero
load. The external force required to separate two bodies
of given surface energy and geometry in the presence of
adhesion was also predicted. Johnson, Kendall, and
Roberts were the first to find a relationship between sur-
face force measurements (including adhesion) and
Hertz�s studies experimentally describing deformation
of two elastic bodies in contact.

In the experiments studying JKR contact mechanics
a lens-like elastic probe was brought into contact with a
flat surface, while the applied external load (P), actual
contact area (a), and the displacement (d) of the sample
were recorded simultaneously and related to the JKR
equation. However, there are some limitations of this
adhesion-testing including that (i) one body has to be
compliant, and (ii) one body has to be either transpar-
ent or opaque, which allows one to detect the contact
area.

Later the apparatus and the measurement technique
have been further developed to meet the challenges, such
as employing different approaches for acquiring the
experimental data (load, contact area, and displace-
ment), using new data processing methods, excluding
environmental effects, as well as applying elastomeric
probes with shapes of cylinders [112], half cylinders split
along their axes [113,114], cylinders having lens-like butt
[115], cylindrical lens and a flat sheet [116], and a bended
elastic ribbon ‘‘so-called’’ elastica loop [117].

The JKR-like experiments share a common basis and
layout with the SFA. However, here, instead of deter-
mining the separation of the surfaces by the cumber-
some optical interferometry, the changes of the contact
Fig. 8. Schematic of the adhesio
area were simply detected by an optical microscope.
The other difference is that the JKR-like experiments
apply an elastomeric body (lens) and the adhesion is
calculated from the contact area–external load data.

The early device used by JKR consisted of a lever
arm system for the application of the external load. Dur-
ing the measurements the samples are brought into con-
tact at zero load, then a negative load (overload) was
applied through a micrometer screw connected directly
to the mounting arrangements of one of the contacted
surfaces [14]. The samples used were two equal rubber
spheres with the diameter of 2.2 cm, as well as a rubber
sphere and a rubber flat. The obtained contact radius
and load data were fitted according to the JKR equation
which is given as:

a3 ¼ R
K

P þ 3pRW þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
6pRPW þ ð3pRW Þ2

q� �
ð21Þ

where a is the contact area, R is the radius of the lens, K
is the combined elastic modulus (see Eq. (20)), and P is
the external force.

A similar device was later used by Fuller and Tabor
(Fig. 8) [118]. Their apparatus consisted of a cylindrical,
lens-butted rubber specimen mounted on a spring arm,
which was moved manually by a micrometer. The fine
movement was carried out by another micrometer,
which acted on a pivoted double lever system. The force
was measured by an array of strain gauges mounted on
the cantilever spring with an accuracy of 0.05 mN. The
contact area was followed through the transparent spec-
imen by an optical microscope. In the experiments the
maximum force was measured which could be sustained
by adhesion before separation.

Other adhesion-testing devices utilizing similar oper-
ation methods also emerged. Maugis and Barquins de-
scribed their apparatus for studying adherence in 1978
n-testing apparatus [118].



Fig. 9. Schematic representation of the experimental axisym-
metric apparatus [129]. (a) Microscope, (b) elastomer lens, (c)
polymer film, (e) displacement sensor, (f) linear stepping motor,
(g) vibration isolation table. P and d are the load and the
indentation, respectively.
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[115]. This instrument essentially encompassed a modi-
fied form of a device built for the study of rubber fric-
tion [119,120]. The measuring system consisted of a
transparent glass hemisphere indenter and a flat elasto-
mer sample. The load was applied to the lens, which
was in the upper position, via a pivoting arm with the
sensitivity of 10 mN and the displacement was measured
with a precision of about 0.1 lm. The changes of the
contact area were recorded by a camera, which was
mounted on the top of an optical microscope. The con-
tact radii were measured with the precision of about
1 lm at a magnification of 10·. For the adjustment of
the center of contact and the optical axis the
whole mechanical system could be shifted under the
microscope.

Later, Chaudhury and Whitesides [121] introduced a
further developed version of an adhesion-testing device,
which utilized a pivoting arm. In their experiments inter-
action between a poly(dimethylsiloxane) (PDMS) lens
and flat surfaces were studied in air. However, here the
lower sample was placed onto the pivoting arm. The
other end of the arm was attached to an electrobalance.
The load was applied by translating the upper sample
down (approaching) or up (retracting), while the actual
force acting on the lever arm was determined by the elec-
trobalance. The contact areas were recorded from
beneath the samples by a camera. The device was
also equipped with still photography.

Instruments based on the pivoting arm design are still
in use, however the data acquisition and processing are
continuously being updated [122–125].

In 1995, Deruelle and Tirrell published results ob-
tained by a new adhesion-testing device, which utilized
an analytical balance interfaced with a computer, an
optical microscope and a manually operated, microme-
ter driven, translation stage [15]. A transparent elasto-
meric lens and a flat non-transparent substrate were
used in these experiments, which were carried out step-
wise with an average stabilizing time of 2 min. The
contact area and the force were simultaneously mea-
sured. It is worth pointing out that this was the first
description of a device where the axis of the acting force
was in line with the axis of the load measurement, i.e. the
length of the force arm did not play a role. The device
was placed on an anti-vibration table at a later point
[17,126].

Ahn and Shull [16] introduced their adhesion-testing
apparatus and experimental protocol in 1996. The
device consisted of an optical microscope, a force
transducer, and a stepping motor for moving the trans-
parent elastomeric lens or the flat substrate with the
step size of 5.5 nm. Two different apparatus geome-
tries were built including (i) standard device where the
upper sample (transparent lens) was moved; (ii) inverted
device where the lower sample (flat) was moved by a
stepping motor. The authors placed the whole apparatus
on a vibration isolation table that reduced the noise level
to below ±0.05 mN. Furthermore, the acquired load
and the contact area were captured and processed by a
computer. The contact radii were obtained with an accu-
racy of ±2.3 lm. Experiments were performed in two
ways: (i) quasi-equilibrium including stepwise applica-
tion of the load, and waiting for a given period of time
until equilibrium is reached i.e. no changes in the contact
area was detected; (ii) dynamic measurement including
continuous increase–decrease of the load. All experi-
ments were conducted in ambient conditions. These
versions of the adhesion-testing devices were soon devel-
oped further.

Shull et al. [127] designed and published an advanced
apparatus, which had a fully linear, so-called axisym-
metric layout (Fig. 9). The term axisymmetric refers to
a layout, where all the parts, such as stepping motor,
load transducer, samples and the image obtaining sys-
tem were aligned along the same axis [127,128]. Thus,
the unnecessary arm of the force that could act as a can-
tilever spring, bringing uncertainties in the data mea-
sured, was eliminated [129,130].

One of the most developed devices was built by Falsafi
in the Tirrell group [18]. This JKR apparatus was the first,
which unifiedmost of the advances of the aforementioned
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devices, however their setup was not axisymmetric. As a
new innovation, a hot/cold stage was introduced around
the samples. The temperature cell allowed measurements
in the range of 0–250 �C with the precision of about
±0.05 �C. The whole device was put in an environmen-
tally closed system, in which the levels of humidity could
be controlled between 10% and 95% in a range of 10–
40 �C. Thus by reducing the humidity the effect of capil-
lary forces could be significantly reduced. Another new
feature was the independent measurement of compres-
sion by a fotonic sensor, thus the value of displacement
could be read directly during measurement with a resolu-
tion of about 20 nm. ACCD camera, which wasmounted
on a video zoom objective, was able to determine the
contact areas with a resolution of 1 lm. All movements
(motion resolution 50 nm), data acquisition and data
treatment were controlled and carried out by a computer.

Based on the development of the apparatuses used in
JKR-like adhesion measurement the following classifica-
tions can be made for the JKR ATD devices:

The geometry of the device:
• traditional: the imaging system is located at the

top of the device,
• upside-down: the imaging system is located

beneath the device (using inverted microscope).

Sample placement:
• standard: lens is above and flat substrate is

beneath,
• inverted: lens is beneath the flat substrate.

Device operation:
• manual,
• semiautomatic: partly automated, either the data

acquisition or hardware movement,
• automatic: all movements, the data acquisition

and processing are controlled and operated by a
computer.
Table 1
Comparison of the non-destructive surface force measuring instrume

SFA MASIF

Mode of operation Stepwise or continuous Continuous
Samples Transparent,

molecularly smooth
and flat over few
hundreds of lm2,
uniform thickness

Spherical surfaces,
molecularly smooth

Time scale of
measurement

>Few minutes,
<1 h except stepwise

0.1–2 min

Determination of
probe radius

Interferometry SEM

Data obtained from Separation of surfaces
vs. piezoposition

Bimorph deflection
vs. piezoposition
Sample movement:
• straight movement usually along the vertical axis

by means of a micrometer screw, linear motor,
or stepper motor,

• rotating movement: pivoting arm, which can be
either manually or electrically operated.

The operation modes of the devices can be divided
into two main groups:
• dynamic measurement when the load is applied

continuously,
• quasi equilibrium, or stepwise measurements.
1.3. Comparison of the surface force measurement

techniques

The destructive techniques are not suitable to charac-
terize the surface forces of solids materials. The main
challenge to decouple superimposed thermodynamic
work of adhesion and viscoelastic effects is still not reli-
ably solved in the case of a general sample.

The contact angle measurement technique is one of
the most accepted to characterize surface energetics.
Although, this technique is used widely for the charac-
terization of solid materials, the reliability of the results
are questioned. The main advantage of this technique is
that it can be performed easily and in a fast manner.
Furthermore, it does not require expensive devices.
IGC is only characterizing the cd of the material (pow-
der) of interest, and this technique requires notable
investment.

The other non-destructive surface force measuring
techniques such as the SFA, MASIF, AFM, and JKR-
like measurement techniques are based on rather expen-
sive instruments and sometimes it can be a daunting task
to perform measurements with them to obtain reliable
quantitative data for surface forces. Table 1 lists the
main differences between the SFA, MASIF, AFM and
nts

AFM JKR

Continuous Stepwise or continuous
Preferably hard,
well-defined geometry

At least one
opaque sample, smooth
over few hundreds
of lm2, at elastomeric

0.001–0.001 s >Few minutes,
<1 h except stepwise

SEM, profiling with sharp objects
or gold colloids, colloidal probe

Optical microscopy

Cantilever vs. piezoposition Contact area vs.
external load
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JKR-like ATD techniques. As it can be seen, the special
requirements of each measurement technique limit the
possible ranges of samples. The time domain, the nature
of the sample, and the shortcomings of measurements
can help to decide which technique is recommended.
So far, there is no undisputed surface force measuring
technique of choice, therefore it is recommended to
perform complementary measurements using different
techniques.

In the subsequent section, in order to illustrate the
use and the applications of JKR-ATD instruments, we
describe the development, performance characteristics,
and some selected applications of a custom-built device
built in our laboratory.
2. Experimental

2.1. Sample preparation

As test specimens commercial poly(dimethylsiloxane)
(PDMS) were used. Sylgard 184 (Dow Corning), con-
sisting of PDMS and a reinforcing silica filler was pre-
pared by carefully mixing the precursors Sylgard
184A/Sylgard 184B at a ratio of 10:1 by mass.1 Sylgard
170 (Dow Corning), consisting of PDMS, a reinforcing
silica filler and low amounts (<1 wt.%) of zinc oxide
and carbon black was prepared by carefully mixing the
precursors Sylgard 170A/Sylgard 170B at a ratio of 1:1
by mass. The mixtures were subsequently degassed in a
vacuum oven at ambient temperature. For the JKR
adhesion measurements films and sphere-cap-like lenses
were prepared. For lens preparation small drops (1–2 ll)
of the mixed and degassed precursors were applied with
a microsyringe onto glass microscope slides, which had
previously been treated with 1H, 1H, 2H, 2H perfluo-
rodecyltrichlorosilane to reduce adhesion. The curing
reaction was carried out at 120 �C for 24 h. The residual
polymers and oligomers not covalently bound to the
elastomer networks in the lenses were removed by subse-
quent Soxhlet extraction for at least 24 h using n-hexane
as solvent, boiled at 120 �C. After extraction the lenses
were dried in a vacuum oven at ambient temperature
and stored in glass vials until use. Glass and silicon sub-
strates were cleaned using Piranha solutions (mixture of
1:4 of 30% H2O2 and 70% concentrated H2SO4) at ambi-
ent temperature, carefully rinsed several times in Milli-
pore water and ethanol, and finally dried in a stream
of nitrogen gas. The PDMS precursors were then spin-
coated onto the substrates using a Spincoater Model
P6700 (Specialty Coating Systems Inc). After spin-coat-
1 The PDMS networks of Sylgard 184 and Sylgard 170 are
formed by a hydrosilylation reaction between vinyl-terminated
oligomeric dimethylsiloxanes and a methylhydrosiloxane using
a platinum complex as catalyst.
ing the films were cured at 120 �C for 24 h and stored
individually in plastic containers.2 The thickness of the
PDMS films ranged within 830 ± 100 nm as obtained
by ellipsometry (a Plasmos SD 2002 ellipsometer was
used at a wavelength of 632.8 nm at a fixed incident
angle of 70�; the value of the refractive index nf was
assumed to be = 1.4). The flat substrates were used with-
out extraction of the low molar mass siloxane fraction.
For tensile testing 1 mm thick sheets of Sylgard 184
and 170 PDMSs were prepared using 1:10 and 1:1,
1:1.5 and 1:2 mixing ratios, respectively. The samples
were cured at conditions similar to those used for the
lenses and the flat substrates.
2.2. Adhesion-testing measurements

The measurements were performed by the ATD de-
scribed in this paper in a continuous manner using 4 step
s�1 (�10.2 mm min�1) loading and unloading rates. The
experiments were carried out at ambient conditions in an
air conditioned room (T = 20 �C and RH = �30%).
2.3. Tensile test

Elastic moduli of the PDMS specimens were ob-
tained by a Zwick Z020 tensile tester. The specimens
were prepared by cutting ISO 37 T2 tensile testing bars
out of �1 mm thick layers, which received the same
treatments as the lenses prepared. The tensile samples
were not subjected to extraction.
3. Results and discussion

3.1. Description and overview of the custom-built ATD

The scheme of the apparatus is illustrated in Fig. 10.
The instrument is based on a stepper-motor operated,
aluminium XYZ table. The resolution of the vertical
movement (z-axis) is decreased to 42 nm by the applica-
tion of a gearbox, which has a gear ratio of 30:1. The
other two axes (also equipped with stepper motors) are
not used in the current set up of the ATD. (Movements
in the x–y plane are intended to employ performing spe-
cial friction measurements in order to characterize the
possible anisotropy of the surfaces.)

In traditional JKR-like adhesion experiments elas-
tomeric lenses or an elastomeric lens and a hard sub-
strate are pressed together along the vertical axis
[15,16,65,114,115,118,129]. We call the contacting
bodies as ‘‘lower’’ and ‘‘upper’’ sample, respectively.
Using a similar layout, in our ATD the lower sample
2 The PDMS films on the silicon substrates were not extracted
since this caused the films to delaminate from the substrates.



Fig. 10. The JKR device used to measure contact deformation between PDMS lenses and thin films. (1) Thin PDMS film substrates
attached to the load cell. (2) PDMS lens. (3) Optical microscope. (4) CCD camera. (5) Stepper motor. (6) Displacement transducer. (7)
XYZ table. (8) XY table. (9) Humidity and temperature sensor. (10) Computer. (11) Vibration damping rubber. (12) Glove box. (13)
Humidity controller.
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is placed on a table assembly shown in Fig. 10. This
assembly consists of a steel table, which is attached to
the mounting plate of the vertical slide of the XYZ table
and also accommodates the subassembly of the force
transducer. The force transducer, which is built in an
aluminium block, can be equipped with custom-made
sample holder tables. Depending on the shape of the
lower sample two types of tables were used including
(1) for attaching lenses the top part has a table-like
shape, and (2) for attaching flat sample the top part
has a threaded hole. For mounting these usually non-
transparent flat samples a screw is glued (Pattex Uni-
rapid, Henkel) in the centre of the back of each sample.
The actual position and the movement of the lower-sam-
ple is monitored by a displacement transducer, which
operates with a free-guided probe, targeted on the top
surface of the steel table (Fig. 10(6)). Assuming rigid
and stiff table assembly and very low deflection of the
force transducer, measurements obtained with the geom-
etry described and with the type of transducers used
yielded results with sufficient accuracy. The holder
assembly of the displacement transducer is attached
to the non-moving part of the vertical slide of the
XYZ table (Fig. 10).

The upper sample is placed on a transparent micro-
scope slide, which is firmly fixed into the sample holder.
The sample holder is clamped into a stand-alone rigid
frame (Fig. 10). The applied clamp system gives the
opportunity to change the samples in a fast and conve-
nient manner. The attachment method of the upper sam-
ple also depends on the sample shape. Elastomeric lenses
adhere well to the microscope glass. However, flat sam-
ples, which are spin-coated onto cover glasses, are usu-
ally fixed to the microscope glass slides using a
transparent glue (Pattex Uni-rapid, Henkel). For good
transparency and negligible effects on the overall stiff-
ness, the hard glue must be applied in small amounts
to form a very thin, bubble free and continuous layer.

During measurements the change of the contact area
is monitored by a CCD camera. The camera is fixed on a
10· magnification, custom-built optical microscope,
which is operated in reflection mode (Fig 10(3) and
(4)). The sharpness of the camera image can be adjusted
by the Olympus SZ-STS bonder arm. The maximum
field of view is 535 · 414 lm. The light is coupled into
the microscope via an optical fiber system. The intensity
of the light can be adjusted manually, or for a similar ef-
fect the acquired video image can be digitally treated via
the device operating program. The signal of the CCD
camera is coupled into the host computer via an IMAQ
1408 image acquisition card.

The XYZ table is assembled onto a base plate which
has three screws in order to level the lower part of the
ATD. Small pieces of a vibration dumping rubber are
applied under each screw to decrease the undesired
resonation. The assembly of the XYZ table and the sam-
ple holder rest on a custom-made XY table (Fig. 8),
which enables the operator to easily position the top
of the lens inside the field of view before making contact
with the sample. However, the visibility of the lens top is
often obscured. The XY table, together with the upper
sample holder and the XYZ table assembly, are placed
on a stone base, which is equipped with a metal mount-
ing post for holding the optical microscope.



Fig. 11. Data flow diagram of the on-line data acquisition and device-operating program.
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The well-defined conditions contribute to enhanced
reproducibility of the measurements. As an improve-
ment regarding environmental experimental conditions,
the ATD was placed in an air-conditioned room. In
order to further decrease the effect of environmental
changes, the whole apparatus was put in a glove box
(Fig. 10(12)). Relative humidity in the glovebox can be
adjusted between 0% and 50% by means of controlled
mixing of dry and wet streams of nitrogen. The actual
temperature and the relative humidity is monitored
inside the glovebox by a Sensiron SHT 11 sensor.

Another feature of the ATD is the Peltier-element
based hot-stage, which can be attached to the upper
sample holder. This accessory allows the user to perform
temperature dependent experiments. However, in these
experiments only the upper part of the sample is heated
to avoid the undesired exposure of the force transducer
to heat. Considering the location of the heating, a ring
shaped heater element was applied to assure the visibility
and the uniform temperature gradient of the contact
area. The Peltier-element based heating device is cali-
brated between 20 and 140 �C.

The signals of the force and the displacement trans-
ducers are coupled into the host computer via an acces-
sory board and a data acquisition card. The stepper
motor is controlled through a so-called ValueMotion
board and a stepper driver card. For data acquisition,
treatment and device operation the host computer uses
NI LabVIEW software by National Instruments. Both,
the data acquisition and the operation of the stepper mo-
tor are processed and controlled by the same custom-
made NI LabVIEW graphical user interface. According
to the quality of the captured contact area images two
ATD operating programs have been developed including
(1) on-line edge detection for well defined contact areas,
when continuous real time detection of the region of
interest is possible, and (2) off-line edge detection: for ob-
scured or non-continuous contact areas. In the latter case
the program saves a series of images to disk for off-line
manual analysis. Despite of the time consuming proce-
dure, in some cases the image-by-image visual analysis
proved to be the only way to accomplish the measure-
ments. The flowchart of the principal operation of the
automatic device-operating program is given in Fig. 11.
The flowchart of the manual ATD operating program
is similar, though it excludes the contact area fitting from
the data processing and includes a time controller to set
the sequence of the image and data saving procedures.

The data files saved consist of: (1) header including
the time of the measurement, and the user comments
given during measurements, and (2) the actual data con-
sisting of the signal of the force transducer [V], signal of
the displacement transducer [V], acquired pixel number
[pix], global time [msec], temperature [�C], and humidity
[%]. Data processing was done off-line, using a separate
NI LabVIEW program.

3.2. Validation of the device with a compliant polymer

A validation of the data obtained was performed by
the instrument is described below. As a straightforward
and generally accepted method, adhesion measurements
on a cross-linked poly(dimethylsiloxane) system were
carried out [121,131]. The PDMS system has the advan-
tage that its surface is smooth and well-defined, further-
more it is easy to prepare and is well-characterized. In
order to understand the working principles of the numer-
ical procedures used, a detailed description of the calcu-
lations will be given along with the results obtained.

Calculation of work of adhesion W and combined
elastic modulus K. The data processing was done off-
line, using a separate NI LabVIEW program. The data
flow diagram summarizing the data treatment, the phys-
ical input parameters required and the fitting procedure
are given in Fig. 12. The lens radius as a required param-
eter to perform the calculations was obtained separately
by fitting procedures from a side view image of the lens
captured by a 10· optical microscope.

The LabVIEW data processing program uses the
JKR equation of contact mechanics to calculate the



Fig. 12. Flowchart diagram of the JKR calculation program
depicts the input data and shows the fitted output data, as well.
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values of W, K and R, respectively. Although the pro-
gram can fit all three parameters from the JKR equation,
the result proved to be more correct if the value of the
separately obtained lens radius was used as input and
kept constant in the iterations. The calculation procedure
utilizes the Levenberg–Marquardt algorithm [132,133] to
determine the least squares set of coefficients that best fit
Fig. 13. A typical loading and unloading cycle of the PDMS sample
of the force and contact area (pixel) are represented in real time of th
the set of input data points (X,Y) as expressed by a non-
linear function y = f(x,a) where a is the set of coefficients.
It must be mentioned that the pull-off force detected, just
before the separation of the surfaces occurs, in some of
the experiments was difficult to locate. Therefore the
minimum point of the retraction curve (different from
pull-off), the so-called maximum adherence force, is used
to characterize the adhesive properties.

A typical loading–unloading cycle of a representative
adhesion-testing measurement can be seen in Fig. 13,
where the features of the curves are also depicted. In
the plot the recorded force and acquired contact area
are shown as a function of measurement time. Initially,
before contact, the force transducer records the so-called
‘‘zero-force’’, i.e. the weight of the lower sample. The
contact-area detecting procedure depends on the quality
of the acquired image, therefore, in case of obscured
video images it can detect zero or false (non-physical)
areas. In the moment of the snap-on the top of the lens
jumps into contact with the substrate generating a neg-
ative load on the force transducer and a detectable con-
tact area. The loading part lasts until the motion is
reversed. The maximum value of this point was deter-
mined according to McCullough et al. [124]. This
method will be discussed in the section of elastic modu-
lus determination. Upon retraction of the surfaces the
unloading starts with a slowly descending curve. This re-
gion corresponds to the mechanical response of the de-
vice, namely the gearbox and the shaft. The unloading
curve usually goes through a minimum (maximum
adherence force), and ends with the sudden separation
system with the explanation of the characteristic features. Data
e measurement.



Fig. 14. (a) JKR fit to the advancing part of the loading–unloading cycle of the PDMS sample system. (b) The calculated cumulative
adhesion hysteresis of the PDMS sample system.

Fig. 15. The calculated elastic modulus from a loading–
unloading cycle of the PDMS sample system.

Table 2
E moduli (tensile test) of the PDMSs used in the adhesion
measurements

Mixing ratios E [MPa]

Sylgard 184 1:10 3.87 ± 0.61
1:1 4.21 ± 0.24

Sylgaed 170 1:1.5 3.93 ± 0.19
1:2 3.36 ± 0.25

The data was obtained on ISO 37 T2 tensile specimens. Mixing
ratio is the ratio of the cross-linker to the base.
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(pull-off) of the surfaces. The last part of the cycle is the
‘‘zero force’’ (weight of the sample), where the surfaces
are separated and far from each other.

Before running the JKR fitting procedure the re-
corded voltage signals of the transducers and the value
of the pixel numbers are converted into the correspond-
ing units (N and m). Furthermore, the above described
regions (initial zero-force, loading curve, pull-off, final
zero-force) are marked and separated for the calcula-
tions. A representative plot of the traditionally used
force–contact curve with the JKR fit is given in
Fig. 14a. As it can be seen the JKR fit follows well the
advancing part of the loading–unloading cycle.

Calculation of adhesion hysteresis was also per-
formed. The value of the adhesion hysteresis gives infor-
mation (for PDMS) about the entanglement of tethered
chains and their interdigitation with the extracted cross-
linked PDMS network at the interface [134,135], as well
as about the surface molecular relaxation effects. The
calculated values of Uadh were small, indicating low
interaction of the surfaces in contact (Table 3). In the
plot, shown in Fig. 14b, the cumulative hysteresis is
slightly increasing during loading. However, the increase
is small, thus we can assume that the process is a quasi-
equilibrium, when G =W.

Determination of elastic modulus (E) from contact
mechanics data was also carried out. The value of the
elastic modulus can be calculated from the JKR fit (Eq.
(21)), or directly obtained from the experimental data
using the measured displacements (i.e. the indentation
data). The latter method can also be used to assess the
validity of the parameters used to ensure elastic contact
[124]. For practical reasons it is important to know that
(1) the value of E of the elastomeric PDMS system is not
constant at higher load values, and (2) the JKR equation
is more sensitive to surface forces at lower external loads.
As an alternative method to the JKR fit, the value of K
can be determined by means of the measured displace-
ments according to the following equations [14]:
d ¼ a2

3R
þ 2P
3aK

ð22Þ

Eq. (22) may be rearranged to give:

3d
a2

� �
¼ 1

2
þ 2

K
P
a3

� �
ð23Þ



Table 3
Data analysis for different PDMS lens–substrate systems

PDMS system W [mJ m�2] K [MPa] c [mJ m�2] Uadh [nJ] E [MPa] R [mm]

Lens Substrate

S185 S184 52.5 ± 1.3 1.99 ± 0.01 19.9 ± 1.9 – – –
S170 S184 43.0 ± 0.5 2.10 ± 0.01 21.5 ± 0.2 13.7 ± 0.9 3.1 ± 1.0 0.84 ± 0.25
S170 S170 42.0 ± 2.1 2.94 ± 0.08 22.7 ± 4.9 – – –

The JKR fit results were calculated with the separately obtained lens radii. Surface energies were determined from pull-off measure-
ments. The values for Uadh, E and R were obtained only for Sylgard 170–184 system, using the above described methods.
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Here, as earlier, the d is the value of indentation, a is the
contact area, K is the combined elastic modulus, and P is
the applied load. Since the values of K and R are as-
sumed to be constant in the applied load range of the
measurements, a linear plot of y = 3d/a2 vs. x = P/a3

can be constructed with the slope of 2/K and intersection
of 1/R, respectively (Fig. 15). In particular, a higher
external force can lead to a non-linear plot of the data.
In the JKR calculation the non-linear behavior of the
data can lead to erroneous results, therefore by using
this plot the validity of the calculations can be verified.

The calculated values for the experimental data
depicted in Fig. 15 E = 2.2 MPa, and R = 1.02 mm,
respectively. The radius of the lens observed visually
was 1.12 ± 0.02 mm and the value of E provided by
the JKR fit was 1.2 MPa. The difference between the E

moduli is 43%, which is consistent with previous experi-
ments [136]. The results obtained suggest that the ob-
served difference in values of E moduli is the result of
the applied methods. The values of the E moduli ob-
tained by tensile testing measurements on the Sylgard
184 and 170 PDMSs were in the order of the calculated
values (Table 2). Although the value of the E modulus
depends on the composition of the PDMSs, the anneal-
ing temperature has, as expected a significant influence,
as well [137].

In the literature the surface free energy data of the
PDMS has been determined and found between 20
and 26 mJ m�2, however its mostly accepted value is
22 mJ m�2 [123,134,135,137,138]. The data obtained in
our test measurements agree well for Sylgard 170 (Table
3). However, the values for the Sylgard 184 system is at
the high end of the range. These higher values of W can
be resulted by different surface roughness, or by different
rates of diffusion of the low molar mass species to the
surface following the extraction procedure.
4. Conclusions

The so-called JKR-like adhesion-testing measure-
ment is a sensitive experimental method to directly ob-
tain work of adhesion, interfacial surface free energy
and surface free energy for solid materials. However,
there are some limitations of this adhesion-testing
method (1) one body has to be compliant, and (2) one
body has to be either transparent or opaque, which
allows one to detect the contact area detection.

An adhesion-testing device has been built and suc-
cessfully tested as described. The instrument simul-
taneously records the applied force, displacement,
acquired contact area, real time, humidity and tempera-
ture. The JKR theory of contact mechanics was applied
to the experimental data to calculate work of adhesion,
combined elastic modulus and lens radius. As a restric-
tion of the fitting procedure, the radii of the elastomeric
lenses were obtained separately and used throughout in
the calculations. The device has been shown to be capa-
ble of accurately reproduce surface free energies of the
PDMS model systems. The performance and through-
put of the ATD has been significantly increased.

The measurements performed on PDMS model sys-
tems serve as validation and test of the ATD.
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