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Abstract

To bridge the gap between current in vitro and in vivo testing, we present the use of a
perspiration simulator to evaluate the performance of skin adhesives during sweating. The
perspiration simulator mimics human skin in key aspects such as roughness, water contact
angle, sweat pore size, sweat pore density, and can be operated at different perspiration rates.
In contrast to in vivo testing, a well-defined experimental setup with minimal variation is
therefore successfully achieved. To demonstrate the capabilities of the reported perspiration
simulator, two model adhesives with different water absorption capabilities are assessed. The
peel forces as a function of time are thereby measured during perspiration of a 0.154 M NaCl
solution. The peel force decreases immediately when the perspiration rate exceeds the water
uptake as determined by an immersion test. However, when the water absorption capabilities
are sufficiently high, a delay in the decrease in peel force is observed. Through the use of a
fluorescent dye, we can further correlate the loss of adhesion with a spreading of liquid at the

skin-adhesive interface.
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Graphical Abstract

1. Introduction

Pressure-sensitive adhesives (PSAs) are polymeric materials that bond to surfaces solely due
to van der Waals interactions generated by a mild pressure. Since they do not rely on any
chemical reaction, irradiation, or heat and due to the possibility to design strong and yet
removable adhesives they have widespread applications. In this work, we focus on medical
adhesives, which are worn directly on the skin to aid wound healing, introduce

pharmaceutically active ingredients, or attach devices[1-9].

Maintaining adhesion during prolonged wear is thereby crucial to ensure patient safety and
therapeutical efficacy. However, some studies have shown that the peel strength of skin
adhesives decreases upon perspiration. This loss of adhesion was speculated to be caused by
moisture at the interface, where the presence of free water could perturb the skin-adhesive
interactions or cause a change in skin surface energy through hydration[10-12]. Regardless of
the failure mechanism, it has become widely accepted that the removal of moisture from the

skin-adhesive interface is vital for retaining adhesion during perspiration[10-15].



To allow moisture transport away from the skin, hydrocolloids are therefore often added to
the polymer matrix of the PSA, resulting in better skin health[16-18] and stronger adhesion
during perspiration[19,20]. The performance of the adhesive formulations is then typically
evaluated through clinical trials. However, in vivo studies are expensive, time-consuming, and
suffer from large variabilities. This is problematic when the variations in adhesion to human
skin outweigh the effects of formulation adjustments. Parameters like skin roughness, surface
energy, sweat rate, as well as sweat composition not only differ between individuals but also
depend on the environmental conditions and it is thus difficult to evaluate the effect of
perspiration on the adhesive performance[11,21-28]. This might be the reason Roy et al.
failed to reach statistical significance when comparing adhesion before and after exercise,

even though the individual test samples showed up to a 65 % decrease in peel force[29].

Ex vivo, the performance of medical PSAs is currently assessed in a multi-step approach,
where the ability to absorb moisture and the adhesive strength are evaluated separately. The
moisture handling capabilities are often determined gravimetrically via immersion in saline
solution[30]. The entire surface of the adhesive is thereby exposed to the aqueous
environment and the weight increase is monitored periodically. This does not directly
translate into a wear situation because sweat glands only make up approx. 0.5 % of the
abdominal skin area (with an average of 100 sweat glands/cm and a diameter of 50 - 80
pum)[27]. Additionally, the distance between sweat glands equates to approx. 1 mm and
therefore a large portion of the PSA initially remains dry during perspiration on human skin
(see illustration in Figure 1). Moreover, sweat is supplied in finite volumes and rates on
human skin, whereas an excess of liquid is constantly present during an immersion test.
Consequently, an immersion test grossly overestimates the moisture handling capabilities of

PSAs on human skin.
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Figure 1. Schematic representation of the adhesive exposure to liquid during a) an industry-

typical immersion test and b) the adhesive on the skin, where sweat glands cover approx.
0.5 % of the abdominal skin area.

Adhesion is typically evaluated through peel or tack tests on substrates like steel or
glass[31,32]. Repeatable peel force measurements can be achieved, however, these substrates
do not mimic the surface energy, topography, or mechanical properties of human skin.
Furthermore, measurements are routinely performed under dry conditions, limiting the
predictability of adhesion during prolonged wear. Though, some experimental studies of
adhesion under wet conditions are reported in literature. As an example, Bowditch discussed
the effects on adhesion when a bonded structure was immersed in water or exposed to a
humid environment[33]. Moisture thereby reached the interface via diffusion through the
adhesives and caused a reduction in bond strength. In a different approach, Karnal et al. first
immersed a PSA in water before contact with a tack probe was established[34]. A reduction in
adhesive strength was also observed in this case as compared to dry conditions. Even though
these studies give insights into the complex interactions between a PSA, the substrate, and
water, none of these experiments mimic perspiration below an adhesive, where a PSA is
applied under dry conditions and sweat is subsequently transported to the interface in a liquid

state.

It becomes evident that a repeatable test protocol is needed to understand adhesion
phenomena during perspiration and to develop new adhesives. This study introduces a

perspiration simulator that is able to evaluate the performance of skin adhesives during



perspiration. With the simulator, it is possible to replicate typical values of skin roughness,
sweat gland size, sweat gland density, sweat composition, as well as sweat rates. In contrast to
human skin, where these parameters change during perspiration, the experimental setup
remains constant with the perspiration simulator. This reproducibility is a distinct advantage
when compared to in vivo studies and allows for precise control of the test conditions,
enabling an understanding of the effects of changes in material compositions on the adhesive
performance. Moreover, with the perspiration simulator it is also possible to adjust the liquid
composition as desired. This permits us to introduce a fluorescent dye in order to follow the

movement of the liquid at the interface between the PSA and the substrate.

2. Materials and Methods

2.1. Perspiration Simulator

In order to solely probe the effect of perspiration, the perspiration simulator is a simplification
of the conditions on human skin. A rigid substrate is chosen for the simulator in order to
minimize energy dissipation in the substrate and keep a constant angle during peel. This is in
contrast to human skin, where deformations in the skin during peel can greatly affect the
measured forces. Additionally, unlike human skin, the selected substrate is not able to hydrate
upon exposure to water. Though this does not perfectly represent the conditions during
sweating on human skin, the surface and mechanical properties are kept constant. In this
study, we apply a modified version of the perspiration simulator previously described by Hou
et al. which was later used to develop sweat sensing technology[35-37]. Briefly, the simulator
consisted of a sophisticated artificial skin membrane which was glued to an acrylic holder,
enabling a homogeneous flow of liquid even at very low rates. Also in this study, in order to
create the surface pattern on the artificial skin, a replica of a human forearm was created with

a two-component silicone resin (Repliflo, CuDerm, USA). The pattern was then imprinted



onto a 50 um thick negative photoresist film (MX5050, Dupont, USA) at 95 °C and approx.
100 kPa. The film was cured through exposure to UV light with a wavelength of 365 nm for
30 s at 4 mW cm2. Once the skin topography was established, the polymer film was cured
under UV exposure. A second layer of the UV-curable polymer film was attached to the back
side of the patterned, cured film to give mechanical stability for adhesion testing. The sweat
pores with a density of 100 cm™ were then created with a VLS3.50 CO; laser (Univerval
Laser Systems, USA) before a track-etched membrane (hydrophilic Polycarbonate with pore
diameter: 5 um, pore density: 4e5 cm, thickness: 21 pm, it4ip, Belgium) was adhered to the
artificial skin (see Figure 2). The topography of the artificial skin was evaluated using a
Dektak 3030 mechanical profilometer (Bruker, USA). The static water contact angle of the
smooth artificial skin was assessed using a ThetaLite 100 optical tensiometer (Biolin
Scientific, Sweden). A water droplet with a volume of approx. 10 puL was placed on the

surface for 30 s before the contact angle was monitored over a period of 10 s.

Figure 2. a) The perspiration simulator with an inlet and outlet valve in the reservoir. b) The
artificial skin membrane. c) Microscopy image of the artificial skin: The dark spots are the
holes of the track-etched membrane with an average diameter of 5 um, whereas the large
bright spots are the holes in the top membrane.

A larger area with a rectangular geometry was necessary to evaluate adhesion through peel

experiments. Therefore, to further optimize the simulator for adhesive testing, a water

reservoir was designed to fit a piece of artificial skin with a length of 40 mm and a width of



25 mm. Additionally, to allow for dwelling of the adhesives under dry conditions, it was
necessary to fill the reservoir with liquid after the application of the PSA. Hence, an outlet
valve was included which could be opened during filling to avoid bubble formation in the

reservoir (see Figure 2).

2.2. Adhesives

Two rubber-based composite systems were investigated in this study. In both cases, a mixture
of polyisobutene (PIB, BASF, Germany) and styrene-isoprene-styrene (SIS, Kraton, USA)
was used as the polymer matrix. PIB is typically used in PSAs to provide adhesion and SIS is
added to improve the mechanical properties. With a SIS content of the polymer matrix of 40
wt.%, the PSAs in this study were designed to be mechanically stiff, in order to avoid
cohesive failure during peel as well as cold-flow after application. To achieve different water
absorption profiles, 19.3 vol.% of either sodium polyacrylic acid (PAA, Stewart
Superabsorbent, USA) or cetyl hydroxyethyl cellulose particles (CHEC, Ashland, USA) were
mixed into the polymer matrix. A Brabender Plastograph (Brabender, Germany) was used to
mix the particles into the matrix at 30 rpm at 90 °C for 45 min under vacuum. The samples
were then pressed to a thickness of 1 mm in between two release liners (siliconized paper). A
hydraulic press (Stenhgj, Denmark) at 90 °C was used at a load of 10 t with a holding time of

30s.

The rheological properties of the PSAs were evaluated with a Mars 40 rheometer with a
parallel plate geometry (Haake, Germany). The measurements were performed in duplicate
and an average of the measured values is reported. Amplitude sweeps at a frequency of 1 Hz
were performed to determine the linear viscoelastic region. Subsequently, frequency sweeps
in the linear viscoelastic region were run from 100 Hz to 0.01 Hz to characterize the PSAs.

The dry peel force of the PSAs on the artificial skin was assessed with a force gauge (Dillon,
7



USA and Instron, USA) at a peel rate of 3.5 mm/s with a constant peel angle of 90°. To apply
the adhesives to the artificial skin in a reproducible manner, weights were placed on a soft
silicone pad with an area of 40 mm by 25 mm to evenly distribute the load. To test the water
absorption capabilities, the samples were immersed into 0.154 M NaCl solution and their
water uptake was assessed gravimetrically (6 replicates were tested simultaneously). The

PSAs were removed periodically from the saline solution, weighed and re-immersed.

2.3. Perspiration Experiments

The PSAs were applied to the artificial skin using soft silicone pads under well-defined
pressures for a constant time interval of 1 min (7 kPa for the PAA adhesive and 14 kPa for the
CHEC adhesive). The adhesives were applied with different pressures to yield the same initial
peel force (approx. 0.7 N) which allowed for a direct comparison of the PSAs with respect to
their water absorption capabilities rather than the effect of the different rheological properties.
After application, the reservoir was filled with liquid, the outlet valve of the reservoir was
closed, and the perspiration experiment was started. To determine the effect of perspiration on
adhesion, a saline solution of 0.154 M NaCl was pumped with a syringe pump (kd Scientific,
USA and KF Technology, Italy) to mimic human sweat. Two distinct rates of 0.5 pL/cm?/min
and 2.0 pL/cm?/min were applied, which corresponded to medium and high perspiration rates
in the abdominal area, respectively[25]. After predetermined exposure times, the pump was
stopped and the PSAs were peeled off the artificial skin with a force gauge (Dillon, USA and

Instron, USA) and discarded thereafter.

In a separate experiment, the saline solution was substituted with an aqueous solution
containing 0.5 mM fluorescent dye (disodium fluorescein from Exciton, USA) which was
pumped at a medium perspiration rate of 0.5 pL/cm?/min. Images were taken periodically

during the experiment under UV irradiation to monitor the movement of the liquid. The



experiments were conducted to monitor the skin-adhesive interface for 60 min (CHEC

adhesive) and 120 min (PAA adhesive), respectively, without any peel force measurements.

3. Results and Discussion

3.1. Perspiration Simulator Characterization

To illustrate the similarities between the perspiration simulator and human skin, several
different characterizations were undertaken. As the artificial skin was created by imprinting a
mold of human skin into a polymer membrane, a remarkable topographical resemblance was
achieved (see Figure 3). The skin structure with all grooves and crevices was replicated and
typical values for the arithmetic mean roughness of 12.1 + 1.3 um were achieved. In
comparison, arithmetic mean skin roughness values of the volar forearm between 12 - 29 um
are reported in literature[21-23]. Besides age and gender, skin roughness also greatly depends
on skin hydration. This implies that skin roughness can change during perspiration in human
skin and potentially affect the contact area between the skin and the PSA[38,39]. As the
artificial skin in our simulator consists of a UV-cured polymer film, skin hydration is avoided

and a constant roughness during perspiration can be assumed.
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Figure 3. Topology of the artificial skin: a) Microscopy image of the surface of the artificial
skin with laser-machined sweat pores (bright circles) as well as original sweat pores from
human skin (blue circles). b) Roughness profile as determined with a mechanical
profilometer.
The images also show the laser-machined pores in the artificial skin with an average diameter
of approx. 86.8 + 17.5 um. In comparison, the diameter of human skin pores could be

estimated to approx. 58.8 + 20.0 um from the imprint on the artificial skin. The artificial

sweat pores were therefore confirmed to have similar sizes to human skin pores.

The static water contact angle was measured on the UV-cured artificial skin without any
topographical imprint and was found to be 69.2 £ 3.6°. On human skin, the water contact
angle shows large variations and greatly depends on the pre-treatment. Ginn et al. showed that
the contact angle can vary between 58° without any treatment and 139° after a solvent-
wash[24]. Additionally, they found that the contact angle decreases with increasing

temperature as well as increasing relative humidity. During perspiration, human skin can
10



hydrate which induces a change in skin surface energy. Contrarily, the surface energy of the

artificial skin remains constant due to its lack of hydration.

Two pump rates of 0.5 and 2.0 pL/cm?/min were applied with a syringe pump and the
corresponding perspiration rates from the perspiration simulator were measured
gravimetrically. A good agreement between the pump and perspiration rate with a steady flow
of liquid was observed. In vivo, a large variability in perspiration rates is seen depending on
the individual, the amount of exercise, the environmental conditions, and the body
part[26,27,40]. Furthermore, not only the perspiration rates are different but also the
electrolyte concentrations in the sweat[28]. Constant perspiration rates with a constant
electrolyte concentration can be realized with our perspiration simulator in order to exclude

some of the variations from in vivo testing.

3.2. Adhesive Characterization

The rheological properties of the adhesives were evaluated in frequency sweep experiments.
The addition of particles to the matrix yielded an increase in storage and loss moduli, G’ and
G”’, as compared to the polymer matrix (see Figure 4). A greater increase was observed for
the addition of CHEC particles, possibly owing to its elongated particle morphology. The
increased moduli of the CHEC adhesive resulted in a higher resistance to flow, which
manifested itself in the peel force. When the adhesives were applied to the artificial skin with
the same pressure (14 kPa), a lower initial peel force was observed for the CHEC adhesive
(0.7 N and 1.1 N respectively) as the flow into the grooves was restricted. Subsequently, the
PAA adhesive was applied with a smaller pressure of 7 kPa in order to yield the same initial

peel force of 0.7 N.

11
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Figure 4. Storage and loss moduli of the adhesives as a function of frequency. An increase in
stiffness was observed for the addition of particles.

A critical modulus, G¢, above which the flow of the PSA is restricted under no load, was

estimated using the Johnson-Kendall-Roberts theory[41,42]:

nW(@-v?) |[3R
Ge = 2 a3

With a typical work of adhesion, W = 0.04 N/m[43], the Poisson ratio of rubber, v = 0.5[44], a

skin asperity radius, R = 10 um, and a skin groove depth, d = 12 um, the critical modulus
becomes G¢ = 6.2 kPa. The moduli of the CHEC as well as the PAA adhesive exceed this
value at all tested frequencies. No further flow after the application is therefore expected for

the PSAs and the peel force is assumed to remain constant under dry conditions.

Prior to evaluation on the perspiration simulator, the adhesives were also tested in a standard
immersion experiment, where the samples were fully submersed in a 0.154 M NaCl solution
and their weight uptake was monitored gravimetrically. While the PAA adhesive showed a
higher water absorption than the CHEC adhesive, both PSAs exhibited a monotonic weight
increase with time. A high initial uptake was observed for the PAA adhesive, possibly caused
by particles at the surface whose swelling was not restricted by the matrix. The results are

depicted in Figure 5 along with the intended perspiration rates on the perspiration simulator.
12
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Figure 5. Immersion test data for the two adhesives during an immersion test in 0.154 M NaCl
solution. The applied pump rates on the perspiration simulator are depicted as dashed lines.

If the applied perspiration rate exceeds the water uptake capabilities of the PSA, a pressure
build-up is expected as the adhesive will effectively block the pores. If the pressure then
exceeds the adhesive strength, a flooding of the interface is expected to occur, resulting in a
reduction of adhesion. Due to the low peel forces of 0.7 N in our study, pressure buildup is
minimized and flooding will occur readily. On the other hand, if the water uptake capabilities
of the PSA exceed the perspiration rate, parts of the interface will remain dry and adhesion
will be retained. To test the hypothesis, a medium perspiration rate of 0.5 pL/cm?/min is
chosen which exceeds the uptake capabilities of the CHEC adhesive but not the PAA
adhesive. A decrease in peel force over time is therefore expected for the CHEC adhesive,
whereas the PAA adhesive is thought to remove the supplied liquid adequately and therefore
maintain adhesion during perspiration. Finally, a high rate of 2.0 uL/cm?/min is applied at

which both PSAs are expected to lose adhesion readily.

3.3. Perspiration Experiments
To visualize the flow of sweat at the skin-adhesive interface, a solution containing a
fluorescent dye was pumped with the perspiration simulator at a rate of 0.5 pL/cm?/min.

While the artificial skin was covered by the PSA, it was possible to trace the fluorescent
13



liquid through the adhesive under UV irradiation. This way, different spreading behaviors of
the liquid could be identified depending on the adhesive that was used. The portion of the dry
interface during perspiration was calculated using the image analysis software Fiji[45]. In line
with the expectations, the dry contact area between the substrate and the CHEC adhesive
decayed rapidly within 60 min (see Figure 6). The perspiration rate exceeded the uptake rate
and caused the liquid to spread uncontrollably until the entire interface was flooded. In
contrast, a spreading of the liquid was delayed below the PAA adhesive. Within the first 60
min, the liquid was confined to multiple separate areas across the interface. These areas likely
corresponded to the sweat pores, where the liquid was absorbed directly into the PSA.
Eventually, the liquid also spread beneath the confined areas and flooded the entire interface
even though the water uptake capacity exceeded the amount of perspiration. This
demonstrates that the immersion test indeed overestimates the water-handling abilities of the

PSA.

14
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Figure 6. Images of the adhesives on the perspiration simulator during UV exposure while
pumping a fluorescent liquid. a) Below the CHEC adhesive, a rapid spreading of the liquid
was observed. b) Below the PAA adhesive, the liquid was confined to the areas of the sweat
glands during the first 60 min, a spreading was observed thereafter. ¢) The dry contact area
between the adhesives and the artificial skin was determined from the images.

To determine the effect of perspiration on adhesion, a saline solution of 0.154 M NaCl was
pumped at the same rate of 0.5 pL/cm?/min. At specific time points, the adhesives were
peeled off the perspiration simulator and force curves were recorded. After an initial increase
in peel force, an average was determined in the steady-state region for each curve. The
average peel forces were then evaluated as a function of perspiration time and related to the
spreading behavior as determined with the fluorescent liquid. Due to the fact that each data
point corresponds to a separate experiment on a rough substrate with a new piece of adhesive,
some variation was observed. Nonetheless, an overall trend towards a reduction in adhesion

with perspiration time became apparent. The CHEC adhesive showed a monotonic decrease in

peel force as a function of perspiration time and a drop from an initial value of 0.7 N to 0.0 N

15



after approx. 60 min (Figure 7). Contrarily, the PAA adhesive exhibited a plateau region up to
60 min, where the peel force stayed relatively constant. Thereafter, the peel force also started
to decrease monotonically. This loss of adhesion occurred simultaneously with a spreading of
liquid at the interface as seen with the fluorescent marker and coincided with these findings.
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Figure 7. Peel forces at different time points after pumping 0.154 M NaCl solution at a rate of
0.5 pL/cm?min. The CHEC adhesive showed a monotonic decrease in peel force from the
beginning. A decreasing peel force was first observed at a later time point for the PAA
adhesive. The dashed lines represent a guide for the eyes.
At a high perspiration rate of 2.0 pL/cm?/min, however, the absorption capabilities of both
adhesives were exceeded. At such high perspiration rates, the peel forces of the CHEC
adhesive and the PAA adhesive decreased similarly as a function of perspiration time (see
Figure 8). Neither of the adhesives was able to retain adhesion during this condition and both
adhesives appeared to behave equally poor. Therefore, in order to distinguish the performance

of different PSA formulations during perspiration, the test conditions have to be controlled

carefully.
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Figure 8. Peel forces at different time points after pumping 0.154 M NacCl solution. At a pump
rate of 2.0 pL/cm?/min the peel forces of the CHEC adhesive and the PAA adhesive
decreased in a similar fashion and the samples could not be distinguished. The dashed lines
represent a guide for the eyes.

4. Conclusions

The perspiration simulator presents a new in vitro method to evaluate the performance of
medical adhesives during sweating. In contrast to current screening methods, where the
adhesion and moisture handling capabilities of PSAs are evaluated separately, the perspiration
simulator allows for a simultaneous assessment of these parameters. An adhesive is thereby
applied to an artificial skin under dry conditions before a liquid is pumped directly to the skin-
adhesive interface. The artificial skin mimics key characteristics of human skin including
roughness, water contact angle, sweat pore size and sweat pore density. In contrast to human
skin, however, these parameters remain constant during perspiration on our simulator and
therefore present a well-defined experimental setup. Additionally, the composition of the
liquid as well as the perspiration rate can be precisely controlled and adjusted to the research
needs. This makes the perspiration simulator a powerful tool to test new adhesive

formulations and presents an alternative for current in vitro and in vivo testing of medical

adhesives.
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Two adhesives with different moisture uptake abilities were designed for evaluation on the
perspiration simulator. We hypothesized that adhesion could only be maintained if the
absorption capabilities of the PSA exceeded the pump rate. Based on the absorption
capabilities from the immersion test, perspiration rates were chosen to distinguish between the
adhesives. With the use of a fluorescent dye, we could show that pump rates which exceeded
the moisture uptake abilities of the PSAs led to a spreading of the liquid at the interface. This
spreading was then associated with an immediate reduction in peel strength. On the other
hand, when the pump rate was lower than the absorption rate, the liquid was prohibited from
spreading and the loss of adhesion was delayed. Even though the immersion test
overestimated the water handling capabilities of the PSAs on skin, it was able to predict

whether immediate or delayed failure occurred.
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