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a b s t r a c t

It was the aim of the study to evaluate the suitability of the probe tack test as a method of predicting the
long-term adhesion properties of transdermal patches to human skin. Twelve different types of polyac-
rylate pressure sensitive adhesives have been characterized using the probe tack test. For the analysis of
the obtained data a novel procedure was developed that is based on two parameters: the deformation
compliance j and the critical return speed vc. In addition to the in vitro characterization, the in vivo adhe-
sive properties were investigated in a double-blinded and randomized wear study by eight volunteers for
a period of 7 days of wear. The adherent area and the size of the dark ring were defined in a percentage of
the patch area by analysing digital photographs. The in vitro data correlate mostly with the in vivo per-
formance of the tested adhesives after 7 days. Accordingly, the probe tack test could be a helpful tool dur-
ing the development of transdermal patches.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

The adhesion of Transdermal Drug Delivery Systems (TDDS) is
one of the most critical parameters for product safety, efficiency
and quality. Although several in vitro techniques have been pro-
posed to monitor adhesive performance, e.g. peel adhesion, tack
and shear strength, the in vivo human skin testing is still the most
reliable method for the evaluation of TDDS [1]. The most estab-
lished method of quality testing and comparative tests of various
transdermal patch formulations is the 180� or 90� peel test from
a stainless steel panel [2–5]. Several variations of panel material
were investigated (artificial skin materials, HDPE, Teflon, neo-
prene) [6–13]. However, no correlation with the in vivo adhesive
performance has been verified beyond doubt for any of these peel
test modifications [1,6,7]. These measurements are focused mainly
on initial adhesion for industrial application, rather than the
long-term adhesion to human skin. The aim of this study was to
investigate whether the probe tack test can help to estimate the
long-term adhesion of TDDS to human skin to avoid adhesion
problems in an early development stage of patch formulations.

Clinical TDDS studies are mainly focused on medical effective-
ness and less on adhesive properties. The FDA provides a scoring
system based on the percentaged adherent area of the patch
[14]. Guidance for further data analysis and evaluation is not given.
In many clinical studies the adherent area is estimated only visu-
ll rights reserved.
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ally by a specialized person or by the volunteers themselves [15–
17]. In addition to the adhesive problems of patches, there is the
phenomenon of the so-called dark ring on the skin. This ring is
formed mostly by a mix of the adhesive with textile fibres and
dust. Cold flow due to low cohesive strength is assumed to be
the main reason for this [18]. The dark ring located predominantly
under the patch is not only a cosmetic blemish. It decreases the
contact area between the drug-loaded matrix and the skin. There-
fore there is a connection between the size of the dark ring and the
effectiveness of the patch for medical purposes. Unfortunately, this
topic is still very rarely investigated.

To evaluate the suitability of the probe tack test as a method of
predicting the long-term adhesive performance on human skin,
different types of polyacrylate pressure sensitive adhesives have
been analysed with both in vivo and in vitro methods. For the anal-
ysis of the in vitro data, a new method had to be found. The in vivo
adhesive properties were examined in a volunteer study. The
in vivo data were evaluated and correlated with the in vitro results.
2. Materials and methods

2.1. Materials

All pressure sensitive adhesives (PSA) used for investigations
are polyacrylate adhesives, a kind donation from National Adhe-
sives (Table 1). In this work the Duro-Tak types are named only
with the last four numbers of product number (87-XXXX) to avoid
redundancy. Duro-Tak 2051/2052 is a blend (1:1). For Placebo
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Table 1
Investigated Duro-Tak types.

Duro-Tak type
87-XXXX

Chemical
composition

Functional
group

Cross-linker added

900 A Acrylate – Not applicable
9301 Acrylate – Not applicable
2353 Acrylate –COOH –
2852 Acrylate –COOH Cross-linked
4098 Acrylate–vinylacetate – Not applicable
2287 Acrylate–vinylacetate –OH –
2516 Acrylate–vinylacetate –OH Cross-linked
4287 Acrylate–vinylacetate –OH –
2051 Acrylate–vinylacetate –COOH –
2052 Acrylate–vinylacetate –COOH Cross-linked
2196 Acrylate–vinylacetate –COOH Cross-linked

400 E. Gutschke et al. / European Journal of Pharmaceutics and Biopharmaceutics 75 (2010) 399–404
patch preparation the Release Liner Scotchpak 9742 (3M, USA, St.
Paul, Minnesota) and the backing liner Hostaphan MN med 15
(Mitsubishi Polyester Film Group, Germany, Wiesbaden) were
used.

2.2. Probe tack test

The probe tack test has once been developed to replace the
commonly used ‘‘thumb test” – touching the surface of a pressure
sensitive adhesive with the thumb and feeling the force required to
break the bond [19]. In the case of the probe tack test, a probe is
pushed forward into contact with the adhesive surface and then re-
tracted at a predefined speed (Fig. 1a). The force required to break
the bond after a short period of contact is plotted in a force–time
diagram.

The probe tack test was performed with the TAXT plus Texture
Analyser (Stable Micro Systems, UK, Godalming, Surrey) with the
following test parameters: test speed 0.04 mm/s, return speed
0.01–1.00 mm/s, applied force 0.5 N, contact time 1 s, temperature
32 �C, n = 4. The cylindrical probe consisted of stainless steel with a
diameter of 2.00 mm and a cross-section area of 3.10 mm2.

In preliminary tests patches consisting of backing liner and
adhesive matrix were fixed by double-sided adhesive tape on the
measuring table. The applied stress caused partial detachment of
the specimen, so that the results were affected. To avoid this prob-
lem the PSA were laminated directly on glass using the Erichsen
film applicator (Erichsen, Germany, Hemer) and dried 20 min at
80 �C in a drying oven LTU 60/60 (Vötsch Industrietechnik, Ger-
many, Reiskirchen). The final film thickness of all dried adhesives
was between 60 and 80 lm. In every case it was determined using
the Minitest 600 (Elektro Physik, Germany, Köln), a thickness
gauge working on the magnetic inductive principle with tolerance
of ±(2% of reading + 2 lm). A ferromagnetic base material is needed
for measurement. For this, the PSA were cast on a release liner,
transferred to a metal plate after drying and gauged at 12 different
adhesive polymer

contact with adhesive
probe

debondin

a

Fig. 1. (a) Technical performance of the probe tack test and (b) stress–strain diagram of
branches to a point of intersection with eB for the deformation at break, eT for the tail f
points. In preliminary tests the thickness of the film cast on glass
was determined by means of topography measurement. The re-
sults were comparable with the measurement by thickness gauge.

The results of the probe tack test are influenced by the film
thickness. Therefore, the force–time curve was converted into a
stress–strain curve with r = F/A (N/mm2) for tensile stress and
e = v � t/d for strain. The distance d equates the film thickness of
the adhesive and velocity v to the return speed of the probe. The
contact area of the probe is assumed to be the cross-sectional area
A [20].

The stress–strain curve of the probe tack test (Fig. 1b) is usually
characterized by an initial peak and an extended tail, the latter
being caused by the formation of fibrils [21]. The first part of the
curve is the linear elastic domain [22]. The deformation then be-
comes non-linear, inhomogeneous and non-reversible [23]. The
curve decreases slightly. Common parameters describing the probe
tack curve are the initial stress peak rP, equated with the yield
point, the stress level rS at the shoulder, the deformation at the
break eB and the area under the curve [22,24]. In this study two
new parameters are introduced: the deformation compliance j
(mm2/N) and the critical return speed vc (mm/s).
2.3. Deformation compliance j

All Duro-Tak types were evaluated using the probe tack test.
Stress–strain diagrams with a return speed of 1.00 mm/s were gen-
erated to determine the deformation compliance j. The curve is di-
vided into peak and tail areas by extrapolating the linear branches
of the peak and the tail to a point of intersection (Fig. 1b). As a re-
sult, the deformation at the break eB can be divided into the parts of
the peak and the tail lengths eT. The deformation at the break eB is
determined as strain value at r = 0.01 N/mm2. The deformation
compliance j is now calculated as j = eT /rp, with eT for the plastic
portion of deformation, and rP for the initial stress peak.
2.4. Critical return speed vc

Several combinations of test parameters for the tack test are de-
scribed in literature as contact time, return speed and applied
force. According to our investigations, the return speed appears
to be the most relevant variable. Low speed causes low stress on
polymer chains, visible as a smooth decline in the stress–strain dia-
gram. The speed at which the probe can be retracted without a ra-
pid breaking of the fibrils differs from one tested adhesive to
another. This speed limit can be regarded as an additional value
for characterizing PSA.

To evaluate critical return speed vc the same adhesive is tested
with return speeds in a range between 0.01 mm/s and 1.00 mm/s.
The value of 0.01 mm/s is the minimum speed at which the probe
can be retracted from the sticky surface by the Texture Analyser.
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Critical return speed is shown in a curve with a transition from a
clear breaking point to a smooth decline in the logarithmic plotting
of the stress–strain diagram.

2.5. In vivo human study

The PSA were cast on the release liner using an Erichsen film
applicator (Erichsen, Germany, Hemer). After drying for 20 min at
80 �C in a drying oven LTU 60/60 (Vötsch Industrietechnik, Ger-
many, Reiskirchen), the adhesive side was laminated with the
backing layer. Placebo patches with an area of 5 cm2 were punched
out. The final thickness of the PSA layer was approximately 70 lm.

The adhesive properties of the 12 Duro-Tak types were investi-
gated in a double-blinded and randomized wear study. Each Pla-
cebo patch formulation was tested by eight volunteers. Two
equal patches were applied to each upper arm (n = 16). Every vol-
unteer tested four different formulations simultaneously. Volun-
teers were allowed to maintain their normal activity. Digital
photographs of both upper arms were taken after the first, the
third and the seventh day.

2.6. In vivo data analysis

The adherent area and the size of the dark ring were defined in a
percentage of the patch area. To obtain this data, the digital photo-
graphs were analysed with the Axiovision (Carl Zeiss Microimag-
ing, Germany, Jena) software. The adherent area was rated with a
scoring system, provided by FDA [14]. 0: area P 90% (essentially
no lift off the skin); 1: area 75% to <90% (only some edges lifting
off of the skin); 2: area 50% to <75% (less than half of the system
lifting off of the skin); 3: area <50% (more than half of the system
lifting off the skin without falling off) and 4: patch completely de-
tached off the skin.

The size of the dark ring as a percentage of the entire patch area
is scored as follows: 0: area <10% (small dark ring); 1: area 10% to
<15% (moderate dark ring); 2: area 15% to <20% (large dark ring)
and 3: area P 20% (unacceptable dark ring).

3. Results

3.1. In vivo characterization of the long-term adhesion

To interpret the adhesion data, the percentage of the amount of
patches evaluated with scores of 0 and 1 are summarized, meaning
an adherent area of at least 75% is defined as good adhesion. The
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Fig. 2. The number of patches with good adhesion (scores 0 and 1) is plotted against the
wear.
number of patches with good adhesion is plotted in a diagram
against the number of patches with a small dark ring (Fig. 2). The
in vivo properties are classified into four groups. In group I more
than 50% of all investigated patches have a good adhesion and a
small dark ring. This represents the most favorable in vivo result
of patch formulations. In group II the adhesion behaviour is still
as good as in group I, but the dark ring is more pronounced. In
group III adhesion had deteriorated and the dark ring had in-
creased. Group IV characterizes poor adhesion combined with a
slightly developed dark ring.

The main focus of this study was the long-term adhesion of
TDDS, defined as 7 days of wear. To monitor the adhesion perfor-
mance, additional photographs of the patches were taken after 1
and 3 days of wearing and analysed by the scoring systems
(Fig. 2, days 1 and 3). After the first day in all cases the dark ring
is predominantly small. Most adhesives are in group I with the
exception of Duro-Tak 4098, 2353, 2196 and 2852 (group IV). On
the third day two additional Duro-Tak types (2052 and 9301) chan-
ged from group I to group IV, because of decrease in adhesion per-
formance. Duro-Tak 2051 and 900 A changed from group I to group
II, which indicates an increase in the dark ring.

After 7 days the adhesives of group I and II showed an increase
in the dark ring and a decrease in the adhesion performance (Fig. 2,
day 7). Duro-Tak 2051 and 2287 changed to group III. Duro-Tak
2051/2052, 2516 and 4287 remained in group I and Duro-Tak
900 A in group II. The patches with Duro-Tak 2196, 2353 and
2852 completely detached off the skin after 7 days, the dark ring
could not be evaluated for these samples. In the diagram the data
of the third day were used. Duro-Tak 2052 and 4098 showed the
lowest adhesive performance, but the best outcome for the dark
ring. In Tables 2 and 3 the scores obtained for the adhesion and
the dark ring after 7 days of wear are displayed.

3.2. In vitro characterization and correlation with in vivo results

The stress–strain diagrams of Duro-Tak 2051, 2052 and 2051/
2052 with return speed 0.01–1.00 mm/s exemplify the determina-
tion of the critical return speed vc (Fig. 3). Here the critical return
speed vc is 0.90 mm/s for Duro-Tak 2051 and 0.20 mm/s for
Duro-Tak 2051/2052. In case of Duro-Tak 2052 no critical return
speed can be determined, vc is <0.01 mm/s.

The deformation compliance j and the critical return speed vc

were examined for all 12 Duro-Tak types (Table 4). The investi-
gated adhesive types were sorted into groups in accordance with
the analysis of their in vivo behaviour.
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Table 2
Evaluation of the adherent area of transdermal patches with different Duro-Tak types during in vivo study for a period of 7 days of wear by score system (score 0: P90%, score 1:
75% to <90%, score 2: 50% to <75%, score 3: <50%, score 4: patch completely detached off the skin), n = 16.

Duro-Tak 900 A 2051 2052 2051/2052 2196 2287 2353 2516 2852 4098 4287 9301

Score 0 - - - 1 - - - - - - 1 -
Score 1 9 4 - 10 - 7 - 12 - 1 8 3
Score 2 7 9 4 3 - 6 - 4 - 2 1 2
Score 3 - 2 1 - - 1 - - - 2 2 1
Score 4 - 1 11 2 16 2 16 - 16 11 4 10

Table 3
Evaluation of the size of the dark ring of transdermal patches with different Duro-Tak types during in vivo study for a period of 7 days of wear by score system (score 0: <10%,
score 1: 10% to <15%, score 2: 15% to <20%, score 3: P20%), n = 16.

Duro-Tak 900 A 2051 2052 2051/2052 2196 2287 2353 2516 2852 4098 4287 9301

remaining patches after 7 days

16 15 5 14 0 14 0 16 0 5 12 3

Score 0 3 2 5 8 - 3 - 10 - 5 7 2
Score 1 4 1 - 4 - 3 - 6 - - 3 1
Score 2 5 - - 2 - 3 - - - - 2 -
Score 3 4 12 - - - 5 - - - - - -
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A similarity in Duro-Tak types belonging to the same group can
be observed in both parameters. A high value for the deformation
compliance j is characteristic for group III, an intermediate value
for group I and a low value for groups II and IV. The adhesives in
group IV had to be stressed with a very low velocity, maximal
0.10 mm/s. At this speed a clear breaking of the stretched fibrils
could be avoided. The adhesives of group III have much more resis-
tance to tensile forces. Duro-Tak 2287 shows a critical return speed
of 0.70 mm/s and 2051 one of 0.90 mm/s. Those found in group I
and II vc are mostly in an intermediate range of 0.20–0.40 mm/s
with the exception of Duro-Tak 2516. Here the critical return speed
is slower than 0.01 mm/s.
4. Discussion

4.1. In vivo data

The adhesive performance underwent a definite change with
the wearing period on human skin. All PSA showed very strong ini-
tial adhesive properties. A daily application seems to be non-criti-
cal for most adhesives. But for long-term therapy, a weekly
application would be reasonable. That places high demands on
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Fig. 3. Stress–strain diagrams in logarithmic plotting with return speed 0.01–1.00 mm/s,
with critical return speed vc 0.20 mm/s, (c) Duro-Tak 2052 with critical return speed vc
the in vivo behaviour of a patch. A twice weekly application would
seem to be a compromise, considering the observed increase in
dark ring formation and the deterioration of the adherent area.
The patch’s intended clinical application period must be taken into
account, not only for final in vivo study design, but also for testing,
during the development process.

The in vivo study has shown that a given patch formulation has
a certain variance in its long-term adhesive performance (Tables 2
and 3). This could be caused by many factors, for example varying
skin types and different levels of activity of the volunteers during
the study.

The in vivo data show a relation between the adhesive perfor-
mance and the appearance of a dark ring (Fig. 2). Predominantly,
only patches with low adhesion have a small dark ring. It can be
concluded that in the cases of the tested adhesives, a patch with
good adhesion is always associated with the appearance of a dark
ring. Accordingly, during the development of a patch formulation, a
balance between the dark ring and the adhesion properties must
be found.

The different adhesive properties of the tested Duro-Tak types
after 7 days is supposed to be caused by the variance of the visco-
elasticity of the polymers. The adhesive film between the skin and
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(a) Duro-Tak 2051 with critical return speed vc 0.90 mm/s, (b) Duro-Tak 2051/2052
< 0.01 mm/s, n = 4.



Table 4
Deformation compliance j (mean value ± SD) and critical return speed vc of different Duro-Tak types, sorted in accordance with the in vivo classes, n = 4.

Group I II III IV

Duro-Tak 2051/2052 2516 4287 900 A 2287 2051 9301 4098 2353 2353 2196 2852
j (mm2/N) ± SD 16.3 14 12.1 4.3 28.9 31.3 3.4 1.8 6.0 7.1 4.1 2.3

1.1 1.7 3.0 0.2 2.8 7.1 1.2 0.1 2.0 0.7 0.7 0.3
vc (mm/s) 0.20 <0.01 0.40 0.30 0.70 0.90 0.01–0.10 0.01–0.10 0.01–0.10 <0.01 <0.01 <0.01
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the backing layer of the patch is sheared by skin movement. The
matrix must dissipate the stored energy caused by elastic strain
to avoid breaking the adhesive bonds [25]. This is represented by
the viscose aspect of a viscoelastic system. On the other hand,
the elastic aspect is necessary for matrix cohesion.
4.2. In vitro characterization and correlation with in vivo results

In the probe tack test, adhesive types belonging to the same
in vivo group show similar in vitro results (Fig. 4). This can be used
for a prediction of the long-term adhesion on skin.

Low values for the deformation compliance j (1.8–6.0 mm2/N),
as in group IV, indicate an inadequate adhesion. In contrast to
those in group III, the deformation compliance is much higher
(28.9–31.3 mm2/N). Here the adhesive performance is also low. A
high j value represents a low cohesive material. This kind of patch
produces a large dark ring that minimizes the adhesive area. Group
I shows optimal adhesion and an optimal dark ring size. This
in vivo behaviour is combined with intermediate values for the
deformation compliance j (12.1–16.3 mm2/N). Duro-Tak 900 A
has an intermediate state. The long-term adhesion is very favor-
able, as in group I, but the dark ring phenomenon is similar to that
of group III. The value for j of 4.3 mm2/N is not intermediate be-
tween group I and III, as would be expected. Duro-Tak 900 A can
be regarded as an outlier of the in vivo–in vitro correlation. The
reason for this is currently unclear and needs to be determined
in further investigations.

It turns out that stress–strain diagrams of probe tack test bear
some resemblance to stress–strain diagrams obtained from
mechanical tensile tests of viscoelastic materials [26]. The debond-
ing process of the probe runs in separate stages and is character-
ized by extensive cavitation between the probe surface and the
film. Polymers with a pronounced plateau in the stress–strain dia-
gram show fibril formation during the separation process [27]. If a
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Fig. 4. Graphical comparison of the in vitro and the in vivo adhesion data of
different Duro-Tak types: deformation compliance j and critical return speed vc,
sorted in accordance with the in vivo classes.
polymer is not cross-linked, the adhesive can be stretched without
resistance [22]. This is represented by a smooth decline in the
stress–strain diagram. In cross-linked polymers, the force for
stretching the polymer chains can exceed the interfacial bonding
strength between the adhesive and the probe surface or inside
the adhesive itself. Consequently the curves have the tendency to
form a short plateau followed by a short and clearcut breaking
point.

From our investigations the probe tack test proved to be a sim-
ple and rapid test method to characterize the viscoelastic behav-
iour of pressure sensitive adhesives. The deformation compliance
j represents the ratio between viscous and elastic behaviour.
Adhesives with more viscous properties have a long plateau in
the stress–strain diagram meaning high j values. The adhesive
film between the skin and the backing layer is easily sheared by
the skin movement. This is visible as a slight displacement of the
patch (Duro-Tak 2287 and 2051) after 7 days. Adhesives that form
a rigid layer between the skin and the backing foil have a more
semisolid character. The shear stress causes a breaking of the adhe-
sive connection, the patch becomes detached. The plateau in the
stress–strain diagram is very short, meaning low j values. The
optimal balance between viscous and elastic ratios, generate an
ideal adhesive behaviour on skin represented by group I. The
Duro-Tak types of this in vivo group could be a basic selection
for the development of TDDS for long-term wearing. Of course
the influence of the drug and the additives must be explored
(amount and chemical composition). To evaluate an unknown
PSA by probe tack test, a deformation compliance j between
12.1 mm2/N and 16.3 mm2/N (group I) is a first indication for
long-term adhesion.

The second investigated parameter of the in vitro characteriza-
tion is the critical return speed vc. The speed, with which the probe
can be retracted without a clear breaking of the adhesive fibrils, ap-
pears to be a function of the cohesiveness of the PSA. Like the
deformation compliance j the critical return speed vc is associated
with the viscoelastic behaviour. The correlation with the in vivo re-
sults is very similar to the deformation compliance j. Values below
0.10 mm/s indicate an inadequate long-term adhesion property
(group IV). High values (0.70–0.90 mm/s) are typical for adhesives
with low cohesion and a large dark ring (group III). A critical return
speed of medium range (0.20–0.40 mm/s) is characteristic for the
optimal long-term adhesion of patches (group I). Duro-Tak 2516
has an unusual behaviour to this in vivo–in vitro interrelationship,
vc is lower than 0.01 mm/s but the long-term in vivo adhesion is
very good. The intermediate position of group II between the favor-
able long-term adhesion of group I and the pronounced dark ring
phenomenon of group III is reflected in the vc value.

The evaluation of the parameter critical return speed vc needs
several tests with variable film thickness and is less precise than
the evaluation of deformation compliance j. But this parameter
can support the in vitro predictability of the probe tack test. The
deformation compliance j as well as the critical return speed vc

each show an outlier, which is dissimilar in both cases. We suggest
that both parameters during the development of a matrix patch
would be determined, since they are obviously complementary.

The model adhesives used for this research work were polyacry-
late polymers belonging to a kit of adhesives being used for the
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development of transdermal patches. It must be evaluated in fur-
ther investigations, whether the method is also applicable to other
PSA materials (silicone, polyisobutylene). Another important eval-
uation would be not only to use other PSA materials but also to use
adhesive polymers in the presence of drugs and other additives.
Beside the adhesive properties, the pain during removal of the
patch is an important parameter influencing patients compliance.

5. Conclusion

The probe tack test with its newly introduced parameters,
deformation compliance and critical return speed, can help to
determine the cohesiveness of the matrix formulation. The
in vitro results correlate mostly with the in vivo performance of
the tested PSA after 7 days. Accordingly, the probe tack test can
support to estimate the long-term adhesive performance. Of course
the predictability of any in vitro adhesion testing method is lim-
ited. But the probe tack test is simple, reproducible and indepen-
dent of skin material. The method could be used not only in
quality control and stability testing of TDDS, but also during the
development process of transdermal patches.
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