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The present study deals with the modification of the human skin biotribological behaviour
after tape stripping. The tape-stripping procedure consists in the sequential application
and removal of adhesive tapes on the skin surface in order to remove stratum corneum
(SC) layers, which electrically charges the skin surface. The skin electric charges generated
by tape stripping highly change the skin friction behaviour by increasing the adhesion com-
ponent of the skin friction coefficient. It has been proposed to rewrite the friction adhesion
component as the sum of two terms: the first classical adhesion term depending on the intrin-
sic shear strength, 7, and the second term depending on the electric shear strength, 7.jc.. The
experimental results allowed to estimate a numerical value of the electric shear strength 7.
Moreover, a plan capacitor model with a dielectric material inside was used to modelize the
experimental system. This physical model permitted to evaluate the friction electric force and
the electric shear strength values to calculate the skin friction coefficient after the tape
stripping. The comparison between the experimental and the theoretical value of the skin
friction coefficient after the tape stripping has shown the importance of the electric charges
on skin biotribological behaviour. The static electric charges produced by tape stripping on
the skin surface are probably able to highly modify the interaction of formulations
with the skin surface and their spreading properties. This phenomenon, generally
overlooked, should be taken into consideration as it could be involved in alteration of

drug absorption.
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1. INTRODUCTION

Human skin is a stratified tissue composed of three
different layers, which are from the bottom to the top:
hypodermis, dermis and epidermis. The outermost
layer of epidermis, called stratum corneum (SC),
arises from the sequential differentiation of cells
migrating from the basal epidermal layer to the surface.
The SC consists of about 15 tightly stacked layers of
flattened dead cells full of keratin, embedded in a lipidic
intercellular matrix, mainly composed of ceramides,
long-chain free fatty acids and cholesterol [1]. The
water content of the SC is low, compared with viable
tissues, and it is characterized by a gradient that
increases from the skin surface to the viable epidermis
[2-7]. Due to its peculiar structure and composition,
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the SC represents the main barrier against the pen-
etration of exogenous substances and also against
transepidermal water loss.

Tape stripping is a minimally invasive procedure for the
removal and sampling of SC. It consists in the sequential
application and removal of adhesive tapes onto the skin
surface, in order to collect microscopic layers of SC. Since
skin stripping results in barrier disruption, this procedure
is used, besides other applications, as an in vivo model
for those skin diseases characterized by skin barrier
weakening; for the same reason, it can be used to evaluate
the effect of the application of skin care products on barrier
restoration [8—10].

The SC, despite its limited thickness (between 10
and 20 pm), and even if its mechanical properties are
very different from those of viable skin [11-14], is
the layer that mainly controls the skin biotribological
behaviour [12]; it follows that the removal of this layer
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(for instance by tape stripping) will dramatically affect
them. Moreover, the static electric charges produced by
tape stripping on the skin surface, are probably able to
modify the interaction of formulations with the skin
surface and their spreading properties. This pheno-
menon, generally overlooked, should be taken into
consideration as it may be involved in alteration of
drug absorption.

The aim of this paper is to propose a new method to
describe and explain the skin tribological behaviour
in wvivo after the tape-stripping procedure. In this
study an original method is proposed to estimate the
surface electric charge produced by tape stripping on
the skin surface based on a tribological analysis.

In fact, because of the production of electric charges
on the skin surface, the skin friction coefficient is highly
modified, especially the adhesion component of the fric-
tion coefficient. To explain this modification, a new
assumption about the classical friction law has been
made. It consists in inserting into the adhesion com-
ponent of the friction force an electric shear strength
term, Teee, due to the electric charges on the skin sur-
face. The value of the electric charge on the skin
surface has been measured using a fieldmeter device
and the electric shear strength has been experimentally
estimated. The experimental value of the electric shear
strength has been compared with the theoretical value
obtained with a physical model consisting in a plan
capacitor with dielectric material inside.

2. MATERIAL AND METHODS

2.1. Bio-tribometer device and measurement of
electric charges

The use of an original light load indentation/friction
device to study the mechanical and tribological proper-
ties of human skin in vivo has been previously reported
[15]. Traditionally, the indentation test consists in
recording the penetration depth, 8, of a rigid indenter
as a function of the applied normal load, F,, during a
loading /unloading experiment. The friction test con-
sists in applying a constant normal load and sliding
velocity on the skin surface and in measuring the result-
ing friction force, F,. In the present study, the
indentation/friction tests are performed in controlled
displacement mode. The displacement is obtained
from the National Instrument displacement tables and
controlled by a displacement sensor (figure 1a). The
indentation tests are realized with the zdisplacement
table, whereas the z-displacement table enables the fric-
tion tests. The maximum displacement during the
loading/unloading cycle can reach about 15 mm with
a resolution of 10 pm, and the experimental device
offers a wide range of indenting/sliding velocities
from 5 to 1500 wms '. In the present paper, the
normal load was applied for a constant indentation
speed 6 = 400 wm s~ ' and friction tests were performed
for a constant friction velocity V=400 wms . The
used probe was a spherical steel probe, with a radius
of curvature R = 6.35 mm.

The electric charge value on the skin surface was
measured by using a fieldmeter device (JCI 140 Static
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Figure 1. (a) Skin tribometer device; (b) fieldmeter device
(JCI 140 Static Monitor). This allows us to measure the
voltage of surfaces at a distance h (h is the distance between
the charged skin surface and the fieldmeter device).

Monitor). It is a compact sensitive ‘field mill’ instru-
ment to measure the voltage of surfaces at a distance
h. The fieldmeter is fixed on a zdisplacement table to
control the distance, h, between the charged skin sur-
face and the fieldmeter device (figure 1b). All the
measurements were performed using h = 1 mm.

2.2. In vivo skin indentation/friction test

The friction tests were carried out on the inner forearm,
at 5cm from the elbow, of three healthy Caucasian
women, from 28 to 34 years old. This location is easily
accessed, relatively flat and there are few disturbances
by the natural movements of the body. In order to facili-
tate reading of the results, the results of a unique
volunteer, which approximately correspond to average
behaviour among the three volunteers, will be chosen
to illustrate the analysis. The tests were made at con-
trolled temperature (22—24°C) and relative humidity
(20-30%).

The tests were carried out in controlled normal load,
which will allow us to include all the adhesion effects
within the normal load (adhesion, electric charges
effect, etc.).

All tests were repeated five times for each subject.

2.3. Tape-stripping test

Tape stripping is a minimally invasive procedure for SC
removal and sampling. It consists in the sequential
application and removal of an adhesive tape-strip
onto the skin surface, in order to collect microscopic
layers (0.2—1 pm) of SC [16,17] (figure 2).

Scotch 3 M, precut to 1.9 cm x 2.5 cm, was used to
realize the tape stripping. To estimate the quantity of
the SC removed, each tape was weighed before and
after the tape-stripping test. The mass variation
obtained, Am, corresponds to the mass of SC removed
by each tape. The average thickness of the SC removed,
e, was then calculated from the cumulative mass and
the density of the SC, psc, from 1 to 1.33gem ®
[2,18] (figure 3). The evolution of the thickness
of the SC removed from each tape stripping is reported
in figure 3.
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Figure 3. Average thickness of the removed stratum corneum
versus number of tape strippings, for a representative subject.
Thickness of removed stratum corneum, e, was calculated for
both values of stratum corneum density (1 and 1.33 gem ®
as e= (1/pgcS) Zjil Am, where S is the stripping surface,
Am the mass of stratum corneum removed from each tape
stripping and psc the stratum corneum density (grey cross
symbols, thickness of SC removed for SC density 1 gcm™%;
black squares, average thickness of SC removed; open squares,
thickness of SC removed for SC density 1.33 gcm_3).

3. CLASSICAL SKIN FRICTION THEORY

Traditionally, the friction coefficient, w, is defined as
the ratio between the friction force, F,, and the
normal load applied on the material, F';; u= F,/F,. It
is usually admitted that the friction force, F,, is the
sum of two components: a deformation term, Fy.,
and a interfacial adhesion term, Fi,, thus F,= Fy.+
Fie [19]. The skin biotribological behaviour has been
widely studied in the literature [20]. In the case of skin,
the deformation component of the friction force, Fy.y, is
negligible compared with the interfacial adhesion term
[19,21], so in first approximation F, = F}.

The interfacial adhesion component of the frictional
force is given by [22—24]

Fie = 7)A = 1A + apA, (3.1)

where 7(,) is the average interfacial shear strength,
depending on the applied pressure and defined as
7(p) = 7o + ap [23,24]. 7 is the intrinsic shear strength,
p the average contact pressure and « represents the
material properties controlling friction [19,23]. A is the
projected contact area.

Dividing relation (3.1) by the normal load, F,, and
considering that p is the average contact pressure
defined by the ratio between normal load, F,, and
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contact area A, as p=F, /A, the skin friction coeffi-
cient is given by

p="14a (3.2)
P

4. RESULTS AND DISCUSSION

4.1. Analysis of the skin friction force curve as a
function of the thickness of the removed
stratum corneum

The variation of the skin friction force as a function of
the amount of SC removed has been studied
(figure 4). The obtained results indicate that the skin
friction force and the amplitude of stick-slip phenomena
greatly increase when removing layers of SC. The lateral
stiffness, which corresponds to the slope of the friction
curve in the sticky zone, decreases after the tape-stripping
procedure, as previously observed in the literature [12].
Moreover, the distance necessary before the sliding
phase between the skin and the steel spherical probe
increases after the tape stripping. These substantial
modifications of cutaneous friction force are explained
by an increase in the adhesion force between the skin
and the probe [12], which is due to a relevant change
of the skin physico-chemical surface properties. To
understand the interfacial skin property modifications
after the tape stripping, wettability tests were realized
with distilled water on the skin-stripped zone. The wett-
ability tests were realized with the ‘pocket goniometer’.
To measure the contact angle, a camera is integrated to
the ‘pocket goniometer’. The volume of water micro-
droplets placed onto skin surface was 1.5 pl.
The contact angles between the distilled water and the
skin surface were measured before (TS =0) and after
five (TS=05) tape strippings (figure 4). The values of
the contact angles measured before the tape stripping
(TS=0) (6, =91°) confirm the values previously
observed in the literature [25—-27]. However, the shape
of the distilled water micro-droplet after five tape strip-
pings (TS =5) (6, = 132°) are not in good agreement
with the water gradient inside the epidermis [2-7].
The contact angle between the stripped skin and the
distilled water should decrease, contrary to what is
observed (figure 4).

To explain the distilled micro-droplet shape and the
skin friction force behaviour after tape stripping, the vol-
tage between the fieldmeter device and the surface skin
was measured as a function of time and for different
tape-stripping values (figure 5). All the measurements
were realized for a distance h=1 mm (h is the distance
between the fieldmeter device and the surface skin).
The obtained voltage values are practically constant
whatever the thickness of the removed SC. The average
value of the voltage is between 4 and 5 kV. Small vari-
ations in the voltage are mainly due to the natural
movement of the forearm during the measurements.

4.2. New assumption about skin friction theory

The increase in the skin friction force after tape strip-
ping may be due to the electrical phenomenon at the
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Figure 4. Evolution of the skin friction force versus friction
length for different values of tape stripping (TS). The friction
tests were carried out for normal load equal to 40 mN and a
constant friction velocity V=400 wms~'. Variations in the
skin contact angle for distilled water before tape stripping
(TS=0) (6, =91°) and after five tape strippings (TS = 5)
(6, =132°) were also reported (black line, 0 TS; open
square, 5 T'S; filled triangle, 15 TS; filled circle, 30 TS).
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Figure 5. Voltage between fieldmeter device and skin surface
versus time for different tape-stripping values. All the
measurements were realized for a distance h=1mm (h is
the distance between fieldmeter device and surface skin).

interface between skin and probe. Electric charges
may increase the adhesion component of the skin
friction force. As a consequence, the friction force
(3.1) can be re-written by adding an electric shear
strength, Tec, as

Fz = Fint = (TO + Telec)A + apA (41)

This means that the friction coefficient can be
re-written as
(TO + Telec)

p="m "t

; (4.2)

4.3. Experimental estimation of the electric
shear strength

To evaluate experimentally the electric shear strength,
Telee, the variation of the friction coefficient as a func-
tion of the inverse of the contact pressure has been
reported in figure 6. The contact pressure is the average
contact pressure, p, and it has been calculated with the
Hertzian theory [28] for a measured skin reduced
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Figure 6. Variation in skin friction coefficient before tape
stripping (TS = 0) and after five tape strippings (TS =5) as
a function of inverse contact pressure (filled circle, TS = 0;
open square, TS = 5).

Young’s modulus from 10 kPa to 14 kPa as a function
of penetration depth [11], as

1 /16 E2F\"?
p_w<9 R2> ’
where E* is the measured skin reduced Young’s mod-
ulus, F, is the normal load and R is the radius of
curvature of the spherical probe equal to 6.35 mm.
The results indicate that the skin friction coefficient
increases as a function of the inverse of the contact
pressure before and after the tape-stripping procedure.
The intrinsic shear strength, 7, and the electric shear
strength, 7..., were calculated using equations (3.2)
and (4.2). The intrinsic shear strength, 75, which is
the slope of the curve before the tape stripping
(figure 6), was calculated on the curve before the tape
stripping with equation (3.2): 7y = 0.38 kPa. The elec-
tric shear strength, 7., was obtalned with the curve
after five tape strippings (figure 6). The slope of the
curve after five tape strippings is 7o + Telee and it is
equal to 1.35 kPa; therefore, the value of the electric
shear strength is 7. = 1.35 — 79 = 0.97 kPa.
The small variation in the a parameter is probably
due to the modification of the skin surface roughness
after tape stripping [29].

(4.3)

4.4. Theoretical estimation of the electric shear
strength

In this section, a physical model is proposed to link the
electric shear strength to the electric charge onto sur-
face skin generated by tape-stripping procedures.

4.4.1. Physical model to estimate the electric charge,
Q, onto the stripped skin area. Human forearm can be
considered as a dielectric material with dielectric con-
stant ;. During the friction experience the forearm is
fixed on a metallic support and it was assumed that
only the tape-stripping (TS) area, S, is electrically
charged (S=1.9 x 2.5 cm) (figure 7a). The fieldmeter
device is above the forearm at a distance h equal to
1mm. To estimate the electric charge, @, on the
stripped skin surface, an electric physical model is
suggested to modelize the experimental problem. The
equivalent model consists in a plan capacitor with a
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Figure 7. (a) Schematic of the measurement of the voltage between fieldmeter device and stripped skin; (b) electric physical
equivalent model to estimate the total electric charge @ on stripped skin surface. The physical model is a plan capacitor with

dielectric material inside.

dielectric material inside and a dielectric constant, &;
(figure 7b). The thickness, e, of the dielectric material
inside the plan capacitor, which symbolizes the human
forearm, is chosen: e; =5 cm, which is the average
thickness of the forearm of the volunteers in this
study. The surface of the dielectric material is S,
which corresponds to the surface of the tape-stripping
area. The distance between the dielectric material and
the fieldmeter device is noted, h, and equal to 1 mm
as previously indicated. The environment between the
dielectric material and the fieldmeter device is the air
with the dielectric constant & = gy, since the relative
dielectric constant, &,(,i), of the air is around 1 (e =
808T(air)) .

If we neglect the boundary effect, the electric charge,
@, on the stripped skin surface has been estimated
using the plan capacitor with dielectric material inside
the model.

The electric field intensity between the fieldmeter
device and the dielectric material, Fj, and inside the
dielectric material, F;, are, respectively [30]:

g
Ey=— 4.4
0= (4.4)
and
B=2 (4.5)
€1

where o is the surface charge density on the fieldmeter
device.

The electrical potential difference, V, between the
metallic support for the forearm and the fieldmeter
device is given as

V=V, — Vo= FEyh+ Ejey, (46)

where V; and V5 are, respectively, the potential on the
fieldmeter device and on the metallic support.

Using equations (4.4) and (4.5) in equation (4.6), the
electrical potential difference is written as

h
V= 0'(— + ﬁ) .
) &1
The surface charge density, o, is defined as o= @/,
therefore, the potential difference can be written as a

(4.7)
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Figure 8. Value of the electric charge, @, generated by
tape-stripping procedure on skin surface S (1.9 x 2.5 cm) as
a function of relative permittivity, ¢,, for two values of voltage
(4kV and 5 kV) previously measured on stripped skin with a
fieldmeter device (figure 5; filled square, V =5 kV; open square,
V=4kV).

function of electric charge, @, as
Q(h e
V=—=|—+—).
S €0 + &1

As a consequence the electric charge, @, on the
stripped skin surface is

(4.8)

80VS
(h + (el/sr(skin))) ’

where &,(qin) is the skin relative permittivity given by

Q=

(4.9)

€1 = €0€yr(skin)-

The variation in the electric charge, @, on the stripped
skin, calculated with relation (4.9), for different values of
relative skin dielectric constant,e, (), is shown in
figure 8. The results are indicated for two values of voltage,
which correspond to the range of the voltage values pre-
viously measured with the fieldmeter device (figure 5).
In the literature, there are few papers describing skin
dielectric constant, €,(gn) [31,32]. The values of skin rela-
tive permittivity are influenced by the humidity rate and
skin hydration. Human living tissues are mainly com-
posed of water and there is a water gradient inside the
epidermis. The tests were realized on the stripped skin in
vivo; therefore, we assumed that the skin relative dielectric
constant was very close to the water relative dielectric con-
stant (&(water) = 80), and, as a consequence, it has been
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Figure 9. Schematic multi-scale two-dimensional representation of the sliding of the spherical probe on the skin surface. The
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scale, where the skin is composed of cutaneous plates and primary lines (or wrinkles) which separate the cutaneous plates; and the
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skin, in the microscopic scale, the spherical probe is not smooth. The probe roughness has been assimilated to spherical roughness
for the model. The parameters d and dy are the skin micro-relief parameters. d is the critical vertical displacement to initiate
sliding and d; is the lateral critical distance to initiate sliding [33]. The spherical geometry of the probe roughness has been

chosen arbitrarily.

assumed that the range of the skin relative dielectric
constant was 60 < &(qin) < 80 (figure 8).

The electric charges, @), obtained with the average
skin relative dielectric constant (&kin) = 70) are
Q=98x10"2C for V=5kV or Q=17.85 x10°C
for V=4kV (figure 8).

4.4.2. Relation between the electric charge, Q, on the
skin surface and the electric shear strength, ..
By using the previous plan capacitor model and by
replacing the fieldmeter device with the spherical probe,
the previous physical model can be used to evaluate the
electrical variation energy for a displacement of the spheri-
cal probe from D to D + d. The electrical energy change
lifts the spherical probe and the skin from a separation D
to a separation D + d, and is expressed as

AE'elec = Eelec(D> - Eelec(D + d),

where D is the intermolecular distance between the two
surfaces and d is the critical vertical displacement to
initiate the sliding (figure 9a).

The electrical energy for the plan capacitor model is
Faee = (1/2)QV (V is given by relation (4.8)); as
a consequence, the electrical variation energy from
h= D to h= D+ d, using relation (4.10), is given by

2 2
AEelec:%i<D+ a )_li(D‘Fd—F a )

(4.10)

SOS €yr(skin) 280S €r(skin)
and
1Q?
ABe = ———d. 411
! 2 805 ( )
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By using the classical friction model, the classical
frictional energy, AEr , between two surfaces in contact
is the sum of two terms [33]:

AEFT, = AEad + AE]oad7 (412)

where AF,4 is the van der Waals frictional adhesion
energy and AFE,.q the frictional load energy due to
the normal load applied.

By adding the electrical friction energy term in the
previous classical frictional energy (4.12), the total
frictional energy is written as

AEFJ,- = AE‘dd + AE'elec + AEload- (413)

By dividing the electrical friction energy by dy,
which corresponds to the lateral critical distance to
initiate sliding, the friction force, F, is obtained:

AEFT _ AEad AEelec AE’load

BT TR e T

and

- AEad + lﬁi AEload

do 2805 dy do
The new global adhesion component of the friction

force is

F;

M 1@ d

b 2e0Sd

By dividing relation (4.14) by the average contact
area, A, which is the contact area between the spherical
probe and the skin, the theoretical electric shear
strength, linked to the electric charge on the skin

Ent =

(4.14)
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Table 1. Results of the theoretical electric shear strength as a
function of the values of electric charge, @), on skin surface
for a stripped skin surface S~ 4.7 cm® and for contact area

between skin and probe 4 a2 20 mm?.

electric charge, @ (C) 9.8 x107% 7.85x107°
theoretical electric shear strength, 0.87 0.56
Telee (KPa)

surface, is obtained and defined as

1 @ d
Telec _580514% (415)

The parameters d and dy are characteristics of the
skin micro-relief. Therefore, the ratio d/d, is a rough-
ness parameter, approximately equal to 1 for skin
aged about 30 years.

The average contact area, A, between the spherical
probe and the skin is calculated with the Hertizian
theory: A = w6R, where & is the average penetration
depth of the probe on the skin (6 ~ 1 mm) and R is the
radius of curvature of the spherical probe, R = 6.35 mm
[28]. The average contact area is around 20 mm?.

Therefore, the theoretical electric shear strength cal-
culated with equation (4.15) for both values of
previously calculated @ are reported in table 1.

The comparison between the measured electric shear
strength (7ge. = 0.97 kPa) and the theoretical values of
the electric shear strength, obtained with the electrical
physical model (table 1), are in the same order of mag-
nitude. The theoretical friction coefficient was
calculated with equation (4.2), using the theoretical
values of electric shear strength (table 1) and reported
in figure 10. After tape stripping, the skin friction be-
haviour is highly modified (figure 10). The electric
charges generated by tape stripping add an electric
component to the adhesive component of the friction
force, which increases significantly the friction coeffi-
cient value (figure 10). The proposed physical model
seems to modelize the effect of the tape stripping on
the skin friction behaviour, integrating and defining
an electric shear strength, 7., in the adhesive com-
ponent of the friction force (4.1) or the friction
coefficient (4.2).

5. CONCLUSION

It has been shown that the tape-stripping procedure
generates electric charges on the skin surface, which
greatly change the skin biotribological behaviour and
modify the physico-chemical properties of the skin sur-
face. It has been proposed to add to the friction
adhesion component a term depending on the electric
charge created by tape stripping, which is the electric
shear strength, 7. ... The value of the electric shear
strength has been experimentally estimated. A physical
model has been proposed to theoretically estimate the
value of the electric shear strength and to link the elec-
tric shear strength to the electric charge on the skin
surface. Both values have been compared and they are
in the same order of magnitude.
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Figure 10. Comparison between the measured friction coeffi-
cient after TS =15 and the theoretical friction coefficient
calculated with the two theoretical values of electric shear
strenght previously obtained (Q=19.8 x 10™° C and Q=
7.85 x 107° C) as a function of inverse contact pressure.
The friction coefficient has been calculated with « = 0.5,
which is the value obtained after tape stripping (figure 6).
The variation of the friction coefficient before tape stripping
(TS =0) is also indicated.

This model is very interesting because it allows us to
obtain an analytical solution about the observed phys-
ical phenomena. However, the plan capacitor model
with a dielectric inside presents some limitations. It
does not separate the effect of the electric charges and
the effect of the physico-chemical modifications after
tape stripping on the skin friction behaviour. Moreover,
the physical model requires some experimental par-
ameters to obtain the electric shear strength. The
measurements of the experimental parameters generate
some errors on the theoretical physical model.

Tape stripping can be used to disrupt the SC and to
evaluate the effect of the application of skin care
products on barrier restoration. The static electric
charges produced by tape stripping on the skin surface
are probably able to greatly modify the interaction of
formulations with the skin surface and their spreading
properties. This phenomenon, generally overlooked,
should be taken into consideration as it could be
involved in alteration of drug absorption.

The results presented are very interesting since they
show that the SC, after being damaged by tape strip-
ping, partially preserves a sort of barrier function. In
fact, the electric charges created by tape stripping
greatly change the chemico-physical properties of the
SC surface, hindering the spreading of water and its
penetration inside the epidermis.
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