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ABSTRACT

For designing new skin adhesives, the complex mechanical interaction of soft elastomers with surfaces of various
roughnesses needs to be better understood. We systematically studied the effects of a wide set of roughness
characteristics, film thickness, hold time and material relaxation on the adhesive behaviour of the silicone
elastomer SSA 7-9800 (Dow Corning). As model surfaces, we used epoxy replicas obtained from substrates with
roughness ranging from very smooth to skin-like. Our results demonstrate that films of thin and intermediate
thickness (60 and 160 um) adhered best to a sub-micron rough surface, with a pull-off stress of about 50 kPa.
Significant variations in pull-off stress and detachment mechanism with roughness and hold time were found. In
contrast, 320 um thick films adhered with lower pull-off stress of about 17 kPa, but were less sensitive to
roughness and hold time. It is demonstrated that the adhesion performance of the silicone films to rough surfaces
can be tuned by tailoring the film thickness and contact time.

1. Introduction

The surface and contact topography strongly affects the adhesive
interaction between two materials (Fuller and Tabor, 1975; Briggs and
Briscoe, 1977; Barreau et al., 2016). It is well recognized that the ad-
hesion to rough surfaces is reduced due to the absence of full surface
contact (Greenwood and Williamson, 1966; Persson and Tosatti, 2001;
Dapp et al., 2012; Putignano et al., 2015). Several parameters, such as
compressive preload and hold time as well as film thickness and me-
chanical properties, influence the adhesive behaviour (Fuller and
Tabor, 1975; Davis et al., 2014, 2012; Purtov et al., 2013). Only a few
systematic adhesion studies exist on surfaces exhibiting roughness in
the micron range. Especially contact time and relaxation of the adhesive
materials are factors whose influence needs to be better understood.
Roughness, material properties and the thickness of the adhesive ma-
terial notably affect the detachment mechanism from the surface (Davis
et al., 2012; Fischer et al., 2017a; Nase et al., 2008). While edge cracks
often yield unstable, spontaneous detachment, other mechanisms in-
cluding cavitation in the interior of the contact area and specifically
center cracks can result in stable crack growth and thus can increase the
work of separation and the pull-off strength (Davis et al., 2014; Fischer
et al., 2017a; Nase et al., 2008; Lakrout et al., 1999).

Skin is an example of a particularly complex, rough surface with
properties depending on several factors including humidity, secretion,

environmental conditions and the presence of skin care products (Tang
et al., 2015; Tobin, 2006). Adhesion to skin is needed for wound
dressings or for emerging consumer applications, e.g. wearable elec-
tronic devices and activity trackers (Venkatraman and Gale, 1998; Kim
et al., 2016; Laulicht et al., 2012). The adhesive performance of skin
dressings is often characterized by peel or tack tests on substitute ma-
terials such as stainless steel or polycarbonate substrates, both ex-
hibiting nanoscopic or sub-micron roughness (Krueger et al., 2013;
Wokovich et al., 2008). For the development and improvement of in-
novative skin adhesives, a fundamental understanding of the material
interaction with surfaces exhibiting skin-like roughness is necessary.
Standardized measurements are complicated by the fact that human
skin exhibits mean peak-to-valley distances in the range of 50-70 um
depending on age and location on the body surface (Quan et al., 1997).
Because these variations influence measurements significantly, skin
substitutes composed of synthetic and natural materials have been
evaluated (Jones et al., 2002; Netzlaff et al., 2005; Renvoise et al.,
2009). The surface free energy of human skin has been reported to be
between 38 and 57 mJ/m?, depending on temperature and humidity
(Kenney et al., 1992) and therefore differs significantly from 500 mJ/
m?, the surface free energy which has been reported for stainless steel
(Wokovich et al., 2008). Surface free energies of about 30 mJ/m? have
been reported for cured epoxy resins and therefore match human skin
properties exceptionally well (Castellanos et al., 2011). In addition,
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Fig. 1. Topography of substrates used for adhesion testing, as characterized by stylus profilometry. (a)-(d) glass substrates (GS 1 and GS 2) and their epoxy replicas (ES 1 and ES 2), scans
of 500 x 500 um. (e)—(h) VitroSkin substrates (VS 1 and VS 2) and their epoxy replicas (ES 3 and ES 4), scans of 1000 x 1000 um. Due to the large roughness range, the roughness scales

differ.

epoxy molding has been performed in all cases to keep the surface free
energy constant, allowing us to overcome effects related to the different
surface free energies associated with glass and Vitroskin.

In previous work, we analysed the mechanical properties, adhesion
properties and biocompatibility of the soft skin adhesive SSA MG
7-9800 (SSA, Dow Corning, Auburn, MI, USA) and Sylgard 184 (Dow
Corning, Auburn, MI, USA). Their applicability to biomedical applica-
tions was studied as a function of the mixing ratio of the base to
crosslinker of the two-component systems (Fischer et al., 2017b). In
these investigations we limited our study to glass substrates with low
roughness (R; = 0.04 to 2.2 pm) and a restricted range of film thick-
nesses (50-230 um). The pull-off strength was found to increase with
decreasing film thickness and increasing elastic modulus on the smooth
substrate, and significantly decreased on the rough glass substrate ex-
cept for SSA in the mixing ratio 1:1.
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The present paper provides comprehensive insight into the effects of
film thickness and surface roughness on the adhesion of the silicone
adhesive SSA MG 7-9800. Parameters included film thickness (from 60
to 320 um), substrate roughness (R, from 0.1 to 84.2 pm) and hold time
(from 1 to 300 s). Surface roughness comparable to skin was produced
by replicating epoxy resins from glass surfaces or from the artificial skin
model VitroSkin (Chen and Bhushan, 2013). VitroSkin has been shown
to exhibit mechanical properties and surface roughness comparable to
animal skin (Chen and Bhushan, 2013; Lir et al., 2007). From the re-
sults, we conclude that two different regimes are present, fundamen-
tally affecting the adhesive behaviour: a roughness insensitive regime
when the film thickness is higher than the material-specific critical
roughness parameter and a roughness sensitive regime in the other
case.



S.C.L. Fischer et al.

2. Materials and methods
2.1. Manufacturing of adhesive film samples

Polymer films were manufactured from SSA MG 7-9800 (Dow
Corning, Auburn, MI, USA) in a mixing ratio of 1:1 wt parts by a doctor
blade technique with an automatic thin film applicator (AFA-IV, MTI
Corporation, Richmond, CA, USA). After deposition on glass, the films
were cured at 95 °C for one hour. The film thickness was measured by
optical microscopy (Keyence, Osaka, Japan). Thickness values were
60 + 10 um (denoted as “thin”), 160 + 25um (“medium”) and
320 + 30 pm (“thick”). The samples were prepared on glass plates with
an area of about 7x20 cm?, and subsequently cut into samples of about
4 cm? for adhesion testing.

2.2. Adhesion measurements and analysis

Adhesion measurements were performed using a custom-built setup
as described previously (Fischer et al., 2017b). The approach and re-
traction velocity were set to 30um/s and 10um/s, respectively. The hold
time, ty,4, was varied from 1 to 300s. The compressive preload stress,
oo, was kept constant at 10 + 3 kPa. Measurements were performed with
at least four independent adhesive films and at three different locations
on each surface.

From the measured values of the force, F, and the displacement, s,
we calculated the stress, o = F/A, where A is the nominal contact area
(about 7 mm? for the epoxy substrates). The relative displacement was
defined as ¢ = (s—so)/hjum, where hyy, is the film thickness and s, the
displacement at force zero. To analyse and compare the adhesive be-
haviour, three parameters were chosen: the maximum pull-off stress,
Omax; the maximum relative displacement, ¢,,; and the work of se-
paration, W, = js' g"”d ods where s, is the displacement at which
complete detachment occurred.

2.3. Substrate manufacturing

Substrates of different materials and surface roughness were used
(cf. Fig. 1 and Fig. 2). The reference substrates consisted of a polished
glass slide (denominated as GS 1, area A = 3.2 mm?) (Hellma Optik
GmbH, Jena, Germany), frosted glass (GS 2, A = 6.7 mm?)) (Marienfeld,
Lauda Konigshofen, Germany), VitroSkin (IMS inc., Portland, ME, USA)
backside (VS 1, A =7.6mm?) and VitroSkin frontside (VS 2,
A = 7.6 mm?). While for GS 1 the glass was purchased as a cylinder
with 2mm diameter, a circular substrate with about 3 mm diameter
was machined out of a frosted glass slide for GS 2. For the VitroSkin,
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circular substrates with about 3 mm diameter were extracted using a
biopsy punch (Integra Miltex Inc., York, PA, USA).

Epoxy substrates were replicated from different master substrates: a
regular glass slide (ES 1, A = 6.1 mm?) (Marienfeld, Lauda Kénigshofen,
Germany), a frosted glass slide (ES 2, A = 7.0 mm?) (Marienfeld, Lauda
Konigshofen, Germany), VitroSkin (IMS inc., Portland, ME, USA)
backside (ES 3, A =7.1mm?) and VitroSkin frontside (ES 4,
A =72mm?). The epoxy resin (Résine epoxy R123, Soloplast-
Vosschemie, Fontanil-Cornillon, France) was mixed in 100:45 wt ratio
of base to curing agent as specified by the supplier, cured on the re-
spective substrate at room temperature for over 12 h and then extracted
with a biopsy punch of 3 mm diameter.

All substrates were attached to an aluminium mount compatible
with our adhesion setup using UV adhesive (Bohle Ltd., Cheshire, UK),
for GS 1-2 and ES 1-4, or epoxy resin, for VS 1-2. The displacements
measured during the tests were corrected for the system compliance
C =012 pm/mN for glass and C = 0.13 um/mN for epoxy and
VitroSkin.

2.4. Substrate characterization

The exact nominal area of each substrate was measured using op-
tical microscopy (Keyence, Osaka, Japan) and used in the stress cal-
culations. Their roughness parameters were measured by stylus profi-
lometry (Surfcom 1500SD3, Carl Zeiss, Oberkochen, Germany).
Roughness power spectra were determined using the Surface
Topography Analyzer developed by Lars Pastewka (http://contact.
engineering/) (Jacobs et al., 2017).

3. Results

In this section, we first present the results of the substrate surface
characterization. Subsequently, the results of the adhesion test with the
different adhesive samples are reported as a function of film thickness,
surface roughness and hold time.

3.1. Substrate surfaces

Fig. 1 and Fig. 2 show the results of the substrate surface char-
acterization. As can be seen, the replication process led to slight dif-
ferences in the topographies between master and replica. From the
table in Fig. 2 we can see that, except for ES 3, the roughness para-
meters R, and R, seem to slightly decrease after replication. Fig. 2 re-
veals also slight differences between the respective power spectra. The
power spectra of the glass and the VitroSkin substrates have

master: GS 1 GS?2
replica: ES 1 ES2
a b
( )1035- master (b) o
10%F
10’
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Fig. 2. Roughness power spectra of the substrates used for adhesion testing. 1D power spectra of (a) the glass and VitroSkin master surfaces (GS 1-2; VS 1-2) and (b) the epoxy replica (ES
1-4) based on profilometer scans and generated with the Surface Topography Analyzer (http://contact.engineering/) (Jacobs et al., 2017). (c) Resulting roughness parameters of all

surfaces: average roughness R, and average peak-to-valley distance R;.
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Fig. 3. Adhesion measurement results as function of film thickness and substrate roughness. (a) Pull-off stress as a function of the roughness parameter R, and (b) pull-off stress, (c) work
of separation and (d) maximum relative displacement for the films with three different thickness on four epoxy substrates. The hold time was 1s.

considerably different slopes and thus height distributions.

3.2. Influence of film thickness and roughness

Fig. 3 depicts the adhesion parameters measured, with a hold time
of 1s, for the different film thicknesses and substrate topographies.
Each data point corresponds to the average of about twelve measure-
ments, corresponding to at least four independent adhesive films with
three positions on each film. The “thick” films exhibited similarly low
pull-off stresses on all four substrates of about 17 kPa (Figs. 3a and 3b).
The “medium” and “thin” films, in contrast, showed a dependence of
the pull-off stress on the substrate. Within the error bars, the behaviour
of the two films on glass was virtually indistinguishable (Fig. 3a); the
adhesion to the smoothest substrate ES 1 was about 40 kPa and, in-
terestingly, seemed to increase for the rougher ES 2 substrate to be-
tween 40 and 50 kPa. It is debatable whether this increase is statisti-
cally significant in view of the error margins, a point that will be
discussed below. On the roughest substrates (ES 3 and ES 4), the pull-off
stress decreased substantially, with the “thin” film showing a stronger
decrease.

The work of separation was found to be lowest for the “thin” films,
with values of about 2 J/m? and a slight maximum of 2.5 J/m? for ES 2
(Fig. 3¢). The “medium” and “thick” films displayed almost twice this
value and are again virtually indistinguishable within the error mar-
gins. A small, probably insignificant variation for the different sub-
strates could be observed, with maximum values of 6.5J/m? and

7.51/m? for substrates ES 2 and ES 3, respectively. The maximum re-
lative displacement observed for all three films on all four substrates
was, within the error margin, of similar magnitude between 180% and
300% (Fig. 3d).

In addition to quantitative differences, the detachment mechanisms
of the films varied depending on film thickness and substrate roughness
(Fig. 4). Finger-like cracks originating from the contact edge were ob-
served in all cases, with dimensions increasing with increasing film
thickness. Thus, in thinner films, the fingers were finer than in thicker
films. On the smoothest substrate, cavitation in the interior of the
contact area were exclusively seen in thinner films. Increasing the
surface roughness led to augmented occurrence of cavitation in the
medium and thick films. These differences influenced the adhesion
strength on the different substrates as described quantitatively before.

3.3. Influence of hold time and material relaxation

Viscoelastic materials exhibit time-dependent stress relaxation
during a hold time at constant displacement (Fischer et al., 2017a). The
compressive stress o as a function of time ¢ can be approximated by the
following equation based on the Kelvin model: (Findley et al., 2013;
Ferry, 1980; Tirella et al., 2014)

0 = 0y + or-exp (—t/5)+oyexp (—t/B), D

where o; and o, are stress constants and 7; and 7, are time constants, and
Oy is the stress value for infinite hold time (t - o0). The initial stress,
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Fig. 4. Exemplary pictures of the detachment mechanisms.
Debonding of a “thin” (blue), “medium” (red) and “thick”
(yellow) film from the epoxy substrates with increasing surface
roughness. Finger-like cracks originating from the contact edge
are observed in all cases. In thicker films, the fingers are coarser
than in thinner films. Additional crack formation in the interior of
the contact (cavitation) is seen in thinner films, especially in
contact with substrates of higher roughness.
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Fig. 5. Stress relaxation behaviour of the films on the different substrates. (a) Stress, normalized by the compressive pre-stress gy of about 10 kPa, vs. hold time. Data shown are for the
epoxy replica ES 2. Dots are experimental data, lines represents fits to Eq. (1). The values right to the curves represent the stress decreases at 120 s contact time relative to the initial pre-
stress. (b) Time constants 7 (circles) and % (squares) obtained as a function of substrate and film thickness (see color code).

denoted as oy, is given by o, + 01 +0,. For 7 < B,the short time re-
laxation behaviour is described by 5 and o7, whereas 7, and o, describes
the long-term behaviour. By fitting the parameters oy, 01, 02, 7, and 7,
the stress relaxation during 120s hold time at an initial pre-stress of
10 + 2 kPa was reproduced in Fig. 5 and Supplementary Fig. S2 (all fit
parameters can be found in the Supplementary Table ST1).

Fig. 5a shows that the normalized stress relaxation was higher for
“thick” films, with a stress drop of 42% after 120 s compared to only
23% for the “thin” films. For all films, the stress at 120 s hold time was
already very close to the estimated stress, o, at infinite contact times
(see Supplementary Table ST1), which means that the material re-
laxation is close to saturation after 120s. The relaxation time 7 was
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similar for all film thicknesses and substrates with a value of about
2.4 + 0.3 s (Fig. 5b). The relaxation time 7, varied with film thickness
and substrate roughness: for the “medium” and the “thick” films,
slightly increased with roughness (from 28 + 4s to 47 + 65 and from
27 + 21s to 31 * 25, respectively). The highest 5, of 60 = 22s was
obtained for the “thin” film in contact with ES 2, but dropped drama-
tically in contact with the rougher substrates ES 3 and ES 4.

The pull-off stresses as a function of hold time, varied between 1 and
300s, are displayed in Fig. 6. Unlike the “thick” films, the “thin” and
the “medium” films showed a pronounced increase in pull-off stress
with longer hold times. For “medium” films, the pull-off stress increased
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by a factor ranging from 1.7 to 3 per time decade (Fig. 6b); the “thin”
films exhibited the highest sensitivity to the hold time, with a factor of
2.4-5 per time decade (Fig. 6a). In line with the results of Fig. 3, the
sensitivity of the pull-off stress to the surface roughness decreased with
increasing film thickness.

The results indicate that “thick” films are very insensitive to the
hold time, while the adhesion of “thin” and “medium” films can be
adjusted by varying the hold time. The rate of pull-off stress increase
with time decreases at longer hold times, but a saturation could not be
measured in our experiments. However, from the relaxation experi-
ments (Fig. 5), we observe that the characteristic material relaxation
time was between 27 and 60 s, the stress decrease being highest for the
thickest films and yielding a plateau after less than 120 s. This indicates
that the stress relaxation is not primarily influencing the pull-off stress
increase at elongated hold times, as the influence of hold time is more
pronounced for thinner films, and does not plateau, even after 300 s
hold time.

4. Discussion

In this work, we presented adhesion measurements on epoxy sub-
strates replicated from different surfaces, from polished glass to
VitroSkin, an artificial model skin. Besides surface roughness, adhesion
of two surfaces is fundamentally dependent on the surface free energy
of the adhesive, substrate and interface between them (Packham,
2003). In order to be able to investigate the adhesion characteristics in
relation to surface roughness only, the surface free energy of the sub-
strate was kept constant by molding with epoxy in all cases.

The replicas exhibited slightly different roughness profiles com-
pared to the original surfaces. This is most likely due to shrinkage of the
epoxy resin during the curing process or to limited epoxy molding of
fine asperities. However, we believe that this will not drastically in-
fluence the outcome of our study.

Adhesion measurements showed that, with increasing confinement,
i.e. an increasing ratio between the punch diameter and the film
thickness, the pull-off stress typically increases most likely because
lateral retraction of the material is suppressed (Hensel et al., 2018).
That explains the generally observed trend that the pull-off stress in-
creased with decreasing film thickness. However, this is limited if the
film thickness is in the same size scale as the mean peak to valley dis-
tance (R;) of the substrates, as observed for epoxy substrates ES 3 and
ES 4 for the thinnest film (Fig. 3a). Davis et al. discussed a material-
defined length scale, 6., that describes the distance over which adhesive
forces act and that qualitatively provides a measure of the critical size
scale of surface roughness to impact adhesion (Davis et al., 2012). For
confined elastic layers . = ,/G.-hgun/E, G; and E being the critical en-
ergy release rate and the Young's modulus, respectively (Webber et al.,
2003). This means that for a given adhesive material of a given thick-
ness, there is a critical surface roughness parameter R, . = &, above
which the adhesion is strongly influenced by surface roughness. Con-
versely, for a given surface with roughness R, there is a critical film
thickness of the elastic material, hgym,crie = R12~E/Gc, above which the
adhesion will likely be insensitive to the surface roughness.

The lower bound of the critical energy release rate, under equili-
brium conditions, equals the thermodynamic work of adhesion, typi-
cally about 50 mJ/m? for silicone materials. The Young's modulus of
SSA 7-9800 is about 6 kPa as measured in our previous study assuming
E ~ 3+G, G being the shear storage modulus measured at 0.01 Hz with a
rheometer (Fischer et al., 2017b). Hence, R, . ranges between 22 um
and 52 um, for the thin (g, = 60 um) and thick (hg, = 320 um) films,
respectively. These values are larger than R, obtained from ES 1 and ES
2; this most probably explains why the surface topography does not
affect the adhesion performance of all films. In contrast, R, . is in the
same order than R, of the substrate ES 3 and ES 4. Here, the surface
asperities most likely have an impact on the adhesion performance
related to strain energy distortions, particularly for the thinner films
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(Fig. 3a). For the “thick” film, R, . is larger than R, for all substrates,
which likely indicates the small influence of the roughness on the ad-
hesion measurements.

The apparent trend that the pull-off stresses seemed to be highest for
the slightly rough substrate (ES 2), rather than for the smoothest sub-
strate (ES 1) (Fig. 3c), requires further discussion. Unfortunately, the
error bars are too large to make this an unambiguously significant
observation. We note however that such a behaviour would be in line
with earlier reports where similar effects of sub-micron roughness were
found (Briggs and Briscoe, 1977; Purtov et al., 2013; Davis et al., 2012).
For the “thin” films, the pull-off stress increased by about 25% com-
pared to the smoothest substrate, which cannot be explained by the
slight increase of real contact area. In fact, a soft elastic body adhering
to a sub-micron rough substrate creates elastic strain distortions at the
surface asperities, surrounded by regions with smaller strain distortions
(Guduru and Bull, 2007). Guduru demonstrated that surface roughness
resulted in a combination of stable and unstable crack growth: from the
surface valleys, the crack moves continuously towards the top of as-
perities, where it is then hindered and requires higher stresses to con-
tinue to propagate, yielding dissipative zones for the small scale
roughness (Guduru and Bull, 2007). This results in crack trapping,
which leads to increased work of separation and higher pull-off stresses
(Hui et al., 2004).

Contact time can have different superimposing effects on adhesion
measurements, including stress relaxation in the material, defect an-
nealing at the interface and development of chemical affinity at the
interface. Stress relaxation experiments revealed that the characteristic
relaxation times were much smaller than the hold times influencing the
pull-off stresses in adhesion measurements. The stress relaxation re-
flects a combination of macroscopic and microscopic effects, i.e. a
global deformation of the film due to the penetration of the punch and
local deformation due to the surface asperities. Note that the indenta-
tion depth to achieve the pre-stress increased with increasing film
thickness. Hence, bulk deformation most probably dominates the stress
relaxation behaviour over microscopic defect annealing, particularly
for film thicknesses much larger than R,. For the thin films adhering to
ES 3 and ES 4, where hg,, = R;, however, 7, varies as a function of the
substrate, which likely indicates that the surface roughness affects the
relaxation behaviour.

For “thick” films, we suggest that the low confinement yields stress
concentrations at the edge of the contact zone, initiating detachment at
the edge (Fig. 4). This detachment process is relatively independent of
defects and defect annealing with increasing hold time. Both chemical
affinity and stress relaxation seem to only marginally influence adhe-
sion. For thin and medium-thick films, detachment is driven by stress
concentrations within the contact area, influenced drastically by de-
fects, yielding cavitation driven detachment. Thus, defect annealing at
the interface contributes towards the increased adhesion strength ob-
served.

5. Conclusions

We presented a study of the adhesion and material relaxation of a
medical grade silicone SSA MG 7-9800. Substrate roughness, hold time
and film thickness were varied and epoxy replicas from glass and
VitroSkin substrates were used as counter surfaces. In this way, a de-
scription of the time-dependent interaction of soft elastomers on skin-
like surfaces was provided. The following conclusions can be drawn:

— The adhesion behaviour of the thin films in our study was found to
be very sensitive to surface roughness and hold time. Thicker films
exhibited smaller pull-off stresses which were almost unaffected by
roughness and hold time.

— Hold times improved adhesion only for the thinner films, which is
very likely due to a combination of stress relaxation and defect
annealing at the contact.
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— Small surface roughness resulted in increased pull-off stresses; this is
believed to indicate the occurrence of crack trapping.

— Thin films can achieve very high adhesion, also on rough surfaces,
with the limitation that the film thickness must fulfil
Rpim > RZZ~E/ G., where E is the Young's modulus and G, the critical
energy release rate.

The results suggest that, for any application related to skin adhe-
sion, the thickness of the adhesive layer should be judiciously chosen:
While thick films provide smaller, but constant pull-off stresses, the
adhesive behaviour of thinner films can be tuned with longer hold
times. For the most versatile adhesives, thick layers should be chosen
while thinner films achieve higher pull-off stresses on certain sub-
strates.
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