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ABSTRACT
Background: Transdermal therapeutic systems use substance transport through the skin to provide an active pharmaceutical
ingredient. To ensure a reliable supply, adhesion to skin must be guaranteed. In practice in vivo studies as well as in vitro studies
on steel (ISO-standard for self-adhesive tapes) are used. As in vitro—in vivo correlation is poor, extensive in vivo studies are applied
during industrial product performance tests. Hence, a specialized skin substitute material for in vitro adhesion testing is needed.
Materials and Methods: Synthetic leather (polyurethane), silicone (Dragon Skin), gelatines, and VitroSkin are used as skin
substitute materials. For topographical analysis, reflected light microscopy and confocal light microscopy are applied. Infrared
spectroscopy is performed for analysis of functional groups. Dermatological skin probe systems are used to analyze friction, surface
pH, and elasticity. To bundle all data with regards to skin similarity, mid-level data fusion is applied.
Results: For all substitute materials, common topographic characteristics compared to human skin can be observed. However, all
materials show limitations regarding their topography. Gelatine and VitroSkin feature comparable surface functionality compared
to human skin. All materials show significant deficits in their mechanical properties. All characteristics can be summarized as the
Skin Similarity Index to give a comprehensive overview regarding substitutes similarity to skin.
Conclusions: A comprehensive evaluation of topography, chemical functionality, and mechanical properties regarding a skin
substitutes similarity to human skin was performed. This data should be considered as a baseline for further research in the field
of adhesion to skin. By adding further characteristics and materials, it is a versatile approach that can be implemented in a variety
of areas.

1 Introduction

The skin is the largest organ in the human body by surface
area [1] and its outermost layer. As such, it is a protector from
the environment and a regulating factor in the modulation of
body temperature as well as water loss [2, 3]. As the regu-
lation of water loss suggests, the human skin is a permeable
organ. Substance transport through the skin is possible and
hereto commonly utilized for so-called transdermal therapeutic
systems (TTS). These systems adhere to the skin surface for
several days [4] and are meant to provide a continuous delivery

of low-dose active pharmaceutical ingredient (API) into the
organism [5].

Due to their pharmaceutical use, TTS need to be safe, thera-
peutically efficient, and of consistent quality. As the API is the
biggest impact factor regarding those attributes, clinical studies
target primarilymedical aspects of TTS but onlymarginally touch
upon the system’s adhesive properties [1]. For adhesion, testing
procedures for self-adhesive tapes are applied according to ISO
29862:2018 [6] and ISO 29863:2018 [7]. These norms dictate the
testing of adhesion to skin by adhesion to steel. From experience,
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despite in vitro tests with steel, extensive human wear studies
are necessary to ensure adequate adhesion without issues during
the removal. However, human studies are not encouraged due
to ethical reasons and the associated temporal and financial
expenses. To minimize human testing, an in vitro adhesion test
for TTS and adhesive patches, in general, is urgently needed, for
which a skin substitute is an alternative to human skin.

In the literature, awide variety of human skin substitutematerials
for different applications are described. Most often mentioned
are skin grafts from human reconstructed skin that are primarily
used for skin transplantation surgery in emergency medicine.
However, these substitutes are inapplicable for in vitro adhesion
to skin testing, as they are extraordinarily expensive and mostly
have an insufficient shelf-life [8–18]. In contrast, such skin
substitutes are common in drug permeation tests [19–23] and
are used for skin irritation testing and toxicological evaluation
of topically applied drugs [19]. In addition to these substitutes,
less costlymaterials that are not readily available formedicine are
actively researched [24, 25].

Another less costly and already commercially available skin
substitute is VitroSkin, which is a collagen-based membrane.
It claims to mimic pH, critical surface tension, ionic strength,
chemical reactivity, and topography of human skin. It mainly
serves UV protectant testing [26] and is studied in scientific
literature, too. Itwas found to have surface functionalities, surface
tension parameters, adhesive force, and coefficient of friction
comparable to mammalian skin, whereas its topography was
found to differ significantly [27, 28].

For skin topography replication, the literature suggests the use of
a molding approach by applying Dragon Skin, a silicone typically
used in the make-up design. However, it was found to differ from
human skin regarding functionality and contact-angle [28].

Such molding used with Dragon Skin is applicable to other mate-
rials as well, including gelatine mixtures used in make-up design
or those specifically designed to mimic human skin [27, 29–33].
Lir et al. introduced a specifically modified gelatine mimicking
surface structure, mechanical properties, contact angles, wetta-
bility, adhesive force, and coefficient of friction of skin [27, 33]
as a promising alternative to previous approaches using gelatine.
Less specific, yet often used for industrial adhesion testing due to
its availability, chemical functionality, and structure, is synthetic
leather from polyurethane (PU).

In addition to thematerialsmentioned above are cellulose acetate
and collagen, commonly known as skin substitute materials [1,
9, 11, 30, 31, 33]. However, cellulose acetate is primarily used to
replicate skin for scanning electronmicroscopy [33], and collagen
is extraordinarily complex in crosslinking and shaping/molding
into a skin-like membrane [34–39]. Therefore, these materials are
not studied in this work.

Despite the numerous approaches to skin substitutes, lack of com-
parability and incomplete characterizations provide the pressing
need for further investigation. Therefore, the aimof this study is to
characterize structural surface properties, as well as mechanical
and chemical properties of the above-mentioned materials. The
goal is to build the foundation for future research on in vitro

adhesion-to-skin testing for adhesive patch systems, especially
TTS, by implementation of a “Skin Similarity Index” for all
described materials.

2 Material and Methods

2.1 Materials

To simulate skin, gelatine 180 bloom, 37% formaldehyde, ethanol,
and glycerol (Carl Roth, Germany) are used. Additionally, Dragon
Skin 20 is purchased from KauPo Plankenhorn, Germany. Fur-
thermore, Silflo (Monaderm, France) is used to manufacture
skin molds. Other readily available materials used as skin sub-
stitutes are: Gelafix (Kryolan, Germany), synthetic leather (grey)
based on polyurethane covered polyamide (DuPont, France),
and VitroSkin (Florida Suncare Testing Inc., USA). For surface
characterization, two different microscopes are used, the first
being a reflected light microscope (LM) VHX-7100 from Keyence
(Japan) and the second being a confocal light microscope (CLM)
MarSurf CM explorer fromMahr (Germany). The objectives used
are VHX-E20, VHX-E100, and VHX-E500 (Keyence, Japan) for
the LM and Optikmodul 1600S, Optikmodul 800S, Optikmodul
320S and Optikmodul 160S (Zeiss, Germany) for the CLM. To
analyze the functional groups, aNicolet iS50ATRwith a diamond
attenuated total reflectance (ATR) crystal (Thermo Fisher Scien-
tific, USA, Massachusetts) is used. For dermatological analysis,
Cutometer dual MPA 580, MPA 2, Ambient Condition Sensor
RHT 400, Skin-pH-Meter pH 905, Frictiometer FR 700 and
CutometerDualMPA580 (2mm) (Courage+Khazaka electronic,
Germany). Software-wise, Microsoft Excel, OriginLab Pro 2021
(academic), Omnic version 9.12.928, MarSurf metrology SW
version 8.8, MPACTplus version 1.1.5.0, and VHXControl System
version 18.12.04.0A are used.

2.2 Creation of Skin Substitutes

Not all skin substitutematerials are ready for use. VitroSkin needs
to be prepared according to its rehydration protocol [40]. All
other prepared skin substitutes use a molding approach utilizing
a silicone skin imprint (Silflo [41]) of the posterior shoulder of
a young male individuum. Subsequently, Dragon Skin is poured
into the imprint using a commercially available skin moisturizer
as a mold release. Inside the mold, Dragon skin is left to cure
according to themanufacturer’s instructions [42]. Deviating from
the instructions, Dragon Skin is degassed in vacuo for 15 min
beforehand [28]. Similarly, Gelafix is prepared according to its
instruction manual [29].

Lastly, modified gelatine is cured in an above described mold
as well, following its preparation according to the workflow of
Lir et al. [33] with modifications consistent with unpublished
research of V. Axer. This leads to the following manufacturing
process: 5 g of gelatine is slowly dissolved in 15 mL of distilled
water at 55◦C under continuous stirring. As all gelatine is
dissolved, 2 g of glycerol and 2 mL of ethanol are added. After
2 min of stirring, 77.4 µL of a 37 %-formaldehyde solution is
added, and the mixture is stirred for another minute. Afterward,
the solution is poured into the mold and stored in a fume hood
overnight.
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2.3 Surface Analysis

Surface structure analysis is carried out using LM and CLM.
All skin substitutes are measured at three distinct surface
regions by both methods applying different magnifications. The
magnifications used are 10×, 20×, 50×, and 100× for the CLM
and 80×, 200×, and 500× for the LM. Concerning the LM, all
data is generated from 2 × 2 stitching and stacking with 200
images. For CLMmeasurements, stitching is only applied for 10×
magnification with 4 × 4 images.

In order to compare surface waviness and roughness, average
surface roughness (Ra) and maximal surface roughness (Rz)
are determined using CLM and LM. The waviness describes
the macroscopic and the roughness of the microscopic surface
irregularities. For LM, those parameters are determined at 80×
and 200× magnification for each measuring site by evaluating
three equidistant horizontal and vertical lines for a total of six
distinct lines per measurement. For CLM, they are determined
with horizontal and vertical lines at each pixel at each magnifi-
cation. Concerning both methods, median correction for surface
inclination was carried out. Differentiation between surface
waviness and surface roughness is achieved by using different
orders of magnification.

Waviness/roughness values obtained from the LMmeasurements
at 80× and 200× magnification are summarized each as mean
values after testing normal distribution (span test according to
David; p = 99%) and eliminating outliers (Grubbs-test; p = 99%).
These mean values and a reference given by literature [43–
45] are tested for variance homogeneity (F-test; p = 99%) and
compared using a T-test (p = 99%). If no variance homogeneity is
given, the comparison is carried out by the difference in standard
deviations from the measured mean and the references median
and whether the measured mean within its standard deviation
overlaps the interquartile range (IQR) of the reference. However,
the waviness/roughness values from the CLM are not tested for
normal distribution and outliers due to sample sizes exceeding
the range of statistical tests. Nevertheless, the data is summarized
as mean values because normal distribution is expected for
a random sample of sufficient sample size. The subsequent
comparison is carried out using the IQRmethod described above.

2.4 IR Spectroscopy and pH

ATR-Fourier Transformation Infrared (FTIR) spectra of all skin
substitutematerials are recorded. For each amean spectrum from
threefold measurement is calculated. VitroSkin, a hygroscopic
material, is dried in a desiccator overnight. The spectra are
recorded from 4000 to 500 cm−1 with 4 cm−1 bandwidth and 64
scans.

Additionally, the surface pH of skin substitutes is measured using
a Skin-pH-Meter. The measurements are conducted threefold at
three distinct regions.

2.5 Mechanical Properties

Elastic properties of skin substitutes, especially viscoelastic ratio,
relative elastic recovery, and relative remaining skin deformity,

are determined using a Cutometer. The analyzed parameter is
the penetration depth of the skin substitute inside the probe,
measured threefold at three different surface regions. For skin
penetration measurements, a negative pressure of 450 mbar is
applied for 3 s with continuing penetration depth measurement
for 3 s after pressure release. For reproducible results, molded
substitutes with a layer thickness of 1 mm were used. To achieve
such a defined thickness, a dedicated mold was built in-house.

Another mechanical property measured is the friction of the skin
substitute using a Frictiometer. The probe loads a circular Teflon
surface of 2 cm diameter with 0.7 N and measures the friction in
arbitrary units (AU) while spinning the Teflon surface at 225 rpm
for 30 s. This parameter ismeasured twice at three distinct surface
regions.

3 Results

3.1 Surface Structure andWaviness/Roughness
Analysis

As all human beings are individuals, so is the detailed skin
structure. The structure additionally depends on the specific age
and body part. Nonetheless, it is possible to identify a common
structure modulating the contact area between a TTS and the
human skin.

It is not, to our knowledge, as of yet known to which extend
the surface structure and its micro-texture influence adhesion
to skin. Hence, both need to be evaluated. Therefore, 80× mag-
nification LM and 10× magnification CLM images are utilized
to characterize the macroscopic surface structure, while 500×
magnification LM images, as well as 20×, 50×, and 100× magni-
fication CLM images, are applied correspondingly to identify the
micro-texture. A selection of microscopic images is presented in
Figure 1.

As additional, quantitative parameters, the surface waviness and
roughness are chosen. Metaphorically speaking, the dunes in a
desert describe the desert’s waviness, whereas the single grains
of sand resemble the deserts roughness. To differentiate waviness
and roughness, differentmagnifications are applied. Even though
the relevance of waviness/roughness for adhesion to the skin has
not been researched yet, the literature states that other adhesion
processes depend on these characteristics [46, 47]. All results
from the surface waviness and roughness analysis are depicted
in Figures 2 and 3.

In accordance with those figures, molded skin substitute mate-
rials, especially Dragon Skin and modified gelatine, mimic the
topography of human skin best. Deficiencies in roughness and
waviness are only clearly observable for Gelafix and PU.However,
from a structural point of view, Gelafix and VitroSkin show
insufficient similarity to human skin.

3.2 Surface Functionality

Despite the distinct importance of skin-like topography, the
surface’s functionality should not be neglected. As molecular and
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FIGURE 1 Microscopic analysis of skin substitutes surface structure using (left) 80×magnificationwith 2× 2 stitching LM (4.8× 6.4mm), (middle)
20× magnification CM (0.8 × 0.8 mm) and (right) 100× magnification CM images (0.15 × 0.15 mm). From top to bottom, the skin substitute materials
are Gelafix, modified gelatine, Dragon Skin, VitroSkin, and synthetic leather based on polyurethane.

thermodynamic interactions between two adhering surfaces are
important in general [47–52], it is assumed to be of significance
for adhesion to skin as well.

An effective approach to evaluate the functionality of skin
substitute materials is the application of IR spectroscopy. It has
been commonly applied to investigate skin surface functional

groups in literature for normal and defatted human skin [53–
55]. The skins most important functional groups are carbonyl
groups (C = O), secondary amine groups (N–H), ester groups
(COO), hydroxy groups (OH), primary amine groups (H–N–H)
and carboxylic acid groups (COOH) [56]. Table 1 shows which of
these functional groups are found in the skin substitute materials
tested. Additionally, for dedicated interpretation all mean spectra
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TABLE 1 Evaluation of skin similarity of skin substitutes regarding surfaces functional groups.

Functional groups

Materials COOH NH2 OH COO NH CO

PU — — — + + +
Dragon Skin — — — — — —
Dragon Skin (Silflo) — — + — — —
Gelatine + + + + + +
Gelafix + + + + + +
VitroSkin + + + + + +

FIGURE 2 Evaluation of skin similarity of skin substitutes regard-
ing surfaces waviness. Inside each box, the parameters’ measured values
are given with mean and standard deviation in µm. All uncolored, but
framed boxes display the surface waviness values that are not congruent
with the given reference (similarity index of 0). Therefore, only colored
boxes represent skin similarity. The displayed parameters are the average
surface roughness (Ra) and themaximal surface roughness (Rz)measured
using a confocal light microscope (CLM) or a light microscope (LM) at
10×, 80×, or 200×magnification.

of the presentedmaterials and a reference spectrum are presented
in Figure 4.

Out of these materials, VitroSkin, Gelafix, and modified gelatine
show all characteristic bands of human skin, and no bands of
functional groups not associatedwith human skin. Functionality-
wise, the other materials are significantly different from human
skin.

3.3 Skin Probes

A convenient and widely used approach to determine skin
characteristics in dermatology and cosmetics are skin probe
systems. In this case, such probes are used to determine the pH,

FIGURE 3 Evaluation of skin similarity of skin substitutes regard-
ing surfaces roughness. Inside each box, the parameters’ measured values
are given with mean and standard deviation in µm. All uncolored,
but framed boxes display the surface roughness values that are not
congruent with the given reference (similarity index of 0). Therefore, only
colored boxes represent skin similarity. The displayed parameters are the
average surface roughness (Ra) and the maximal surface roughness (Rz)
measured using a confocal light microscope (CLM) at 20×,50×, or 100×
magnification.

friction, and elasticity of skin substitutes. All results are depicted
in Figures 5 and 6 with the respective standard deviations. The
results will be evaluated in detail in the following chapter.

4 Discussion

4.1 Surface Structure and Roughness Analysis

To compare the portrayed results for the skin substitutes with
actual human skin surface structure, references are provided by
the works of Dabrowska et al. [43], Derler et al. [45], and Lagarde
et al. [57]. However, no robust reference can be found in the liter-
ature regarding high-magnification images for the microtextural
characterization to the best of the author’s knowledge. Despite
this, a reference is essential for comparison of human skin with
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TABLE 2 Reference values for the analysis of skin substitutes surface roughness from casted Dragon Skin.

Magnification
Mean (Ra)
in µm

Median (Ra)
in µm

IQR (Ra)
in µm

Mean (Rz)
in µm

Median (Rz)
in µm

IQR (Rz)
in µm

20× CM 9.52 ± 3.1 9.20 7.1–11.2 81.69 ± 17.70 81.1 70.2–82.8
50× CM 7.44 ± 4.58 5.96 4.2–9.6 42.33 ± 18.46 37.59 28.3–54.9
100× CM 4.04 ± 2.09 3.50 2.7–5.0 7.35 ± 2.77 22.52 13.0–27.2

FIGURE 4 Mean spectra of ATR-FTIR analysis of skin substitute
materials compared to Human Skin (live) from Thermo Scientifics
Common Materials database.

the tested materials. As the use of polydimethylsiloxane (PDMS)
skin replicas for microscopic purposes is common practice in the
scientific literature [33, 43–45, 57], a skin replica fromDragon Skin
is used as a reference (Table 2).

Regarding the observed surface structures and micro textures,
VitroSkin deviates the most from real skin. It is dominated by
sharp edges on a smooth surface, yet some parallels can be
observed. Only distantly, the protrusions from the sharp edges
resemble a skin-like pattern.

A better approximation is synthetic leather, as the surface struc-
ture mimics the skin relief of mammalian leather. Nevertheless,
the relief is widelymeshedwith soft edges and, therefore, deviates
from human skin. The deviations from human skin increase
as the microstructure is taken into account, as it does not
approximate human skin at all. As synthetic leather is onlymeant
to mimic the appearance of real leather, microstructures are not
taken into consideration during manufacturing.

Those considerations are made for materials cast using a skin
imprint. Hence, their surface structures are closest to human
skin. Still, significant differences in surface quality are observed
due to differing material properties leading to different quality
replicas. The most challenging approaches are those that utilize
modified gelatine, especially Gelafix. Due to its significant viscos-
ity, air is trapped during preparation. As the air cannot escape due

to the rapid hardening, the result is a heavily impaired surface
structure. Not regarding the affected surface area, the material
resembles both the surface structure and micro texture of human
skin. Therefore, reducing the affected area by decreasing the
amount of entrapped air is highly advantageous. One possibility
is heating granulated Gelafix inside a heat-resistant mold. As
no transfer is needed, the amount of entrapped air would be
minimized. However, sample preparation inside the mold is
impossible for modified gelatine due to its various preparation
steps. Alternatively, degassing the heated gelatine solution in
vacuo can reduce the entrapped air. As the issue of entrapped
air does not occur using Dragon Skin, it replicates the surface
structure and micro texture of human skin satisfactorily.

In addition to the qualitative parameters of surface structure
and micro texture, quantitative parameters such as waviness and
roughness are needed for a holistic characterization and com-
parison. Such comparison requires references from the scientific
literature. As the sample size from each publication alone is
insufficient to represent the population, results from different
studies related to different body sites are comprehended as
weighted means (Ra = 18.9 µm; Rz = 82.3 µm) with weighted
standard deviations (Ra = 4.7 µm; Rz = 21.2 µm) weighted by
corresponding sample sizes and as median (Ra = 18.0 µm; Rz
= 78.4) with IQR (Ra: 16.2–20.1 µm; Rz: 71.6–83.3), respectively
[43–45]. The resulting sample size of 139 approximates the
population better and givesweight to the presented compendium.
As those references arise primarily from profilometer measure-
ments, they resemble only the macroscopic surface waviness.
Due to the lack of references regarding microscopic surface
roughness in literature, casted Dragon Skin is used as a reference
(Table 2).

The similarity between a substitute’s waviness/roughness and
human skin is depicted in Figures 2 and 3, respectively. The sim-
ilarities are described by the index of each roughness/waviness
parameter. An index value of 1 denotes that no statistical dif-
ferentiation between reference and skin substitute is possible.
The index value is reduced to 0.5 if no t-test is possible due to
variance inhomogeneity and only one of two alternative similarity
criteria (±1 standard deviation around the tested mean within
the references IQR; references median within ± 2.58 standard
deviations around the tested mean) is fulfilled. Only if a t-test
allows the differentiation or no alternative similarity criteria is
fulfilled, the index value is reduced to 0. All parameters’ indices
are summed up for overall comparability of waviness/roughness,
leading to an overall index between 0 and 6.

According to the indexing system, synthetic leather’s and
Gelafix’s waviness deviate the most from human skin. The
remaining substitutes resemble the surface waviness of human
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FIGURE 5 Skin similarity evaluation of different skin substitute materials regarding (top) their surface pH measured using a Skin-pH-Meter and
(middle & bottom) their frictional properties measured with a Frictiometer.

FIGURE 6 Skin similarity evaluation of different skin substitute materials regarding their elasticity measured using a Cutometer. The materials
are compared to a human reference regarding their (top) viscoelastic ratio, (middle) relative remaining skin deformity, and (bottom) relative elastic
recovery.

skin, and comparable results are achieved concerning the surface
roughness. Despite Gelafix’s strong deviations from human skin
waviness, its roughness is mostly comparable to human skin.
As only small surface areas can be analyzed regarding the
surface’s roughness, the impaired areas of Gelafix’s surface are

not statistically comparable considered. Synthetic leather only
mimics human skin for Ra at lower magnifications. In contrast
to Ra, Rz is calculated from the distances between the highest
ridges and deepest rifts. Therefore, Rz is sensitive for surface
inhomogeneities. This sensitivity can easily lead to significant
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differences between nearly similar surfaces. However, all other
skin substitutes are indifferentiable from human skin.

4.2 Surface Functionality

For a detailed evaluation of the skin substitutes’ surface func-
tionality, not only the most important functional groups need to
be considered, but the whole spectra too. For comparison with
human skin, a reference spectrum of live human skin from the
Thermo Scientifics Common Materials database is used.

Out of all the tested materials, only VitroSkin, Gelafix, and
modified gelatine show characteristic bands of only all the
relevant functional groups associated with human skin (Table 1
& Figure 4).

The best of those three skin substitutes regarding IR-activity is
VitroSkin, as its spectrum is nearly congruent to human skin
if issues due to water absorption and CO2 are neglected. The
only significant difference is a considerably weaker NH bending
vibration at 652 cm−1. Other main vibrations are a C=O overtone
at 3760 cm−1, an amide and amine NH stretch between 3500 and
3120 cm−1, an acidicOHstretch at 3290 cm−1, an alkeneCHstretch
at 3084 cm−1, an amide NH bending and C = O stretching at
1628 cm−1 and a ring breath at 1450 cm−1.

Nevertheless, regarding its IR spectrum, human skin and Gelafix
are nearly identical, too. The only major difference is that
gelatine, in general, does not show a ring breath vibration and,
therefore, no aromatic ring structure. Additionally, other occur-
ring variations are a weaker NH bending vibration at 650 cm−1

and a strongly increased acidic OH stretching at 3289 cm−1 due
to extensive amounts of glycerol as a plasticizing agent. However,
amide and amine NH stretches between 3550 and 3100 cm−1, an
alkene CH stretching at 3060 cm−1, and an amide NH bending
overlapped byC=Ostretching at 1640 cm−1 correspond to human
skin with minor deviations. The same holds true for modified
gelatine.

Polyurethane (Table 1) shows lower similarity to human skin
regarding its functionality. An NH stretching vibration band
is seen at 3336 cm−1 with its corresponding bending vibration
band at 600 cm−1. The CN bending, on the other hand, overlaps
with the C = O stretching of polyurethane at 1727 cm−1. No
band associated with carboxylic acids can be found. However,
the necessity of these functional groups may be negligible as
C = O is still present, and NH is comparable to OH in that
both groups consist of a hydrogen atom being bonded to a
strongly electronegative atom with at least one lone pair. Overall,
compared to normal human skin, the bands of polyurethane
are shifted towards higher wavenumbers (Figure 4). This shift
is associated with shorter excitation wavelengths and, there-
fore, presumably stronger bonds in polyurethane. In contrast to
polyurethane, human skin consists, among other, of collagen,
existing in a helical structure [58, 59]. As helical structures are
caused by intramolecular interactions, an intramolecular cause
regarding the excitation wavelength is assumed. One prominent
intramolecular interaction is hydrogen bonding. The added mass
of hydrogen lowers the vibration frequency of the respective bond
and decreases the corresponding wavenumber.

The highest deviation from human skin can be observed for
Dragon Skin. Except for CH3 symmetric and asymmetric stretch-
ing at 2963 and 2905 cm−1, no similarities are present. Regarding
this material, characteristic bands of SiCH3 symmetric and asym-
metric bending at 1412 and 1258 cm−1 can be found. Additionally,
a SiCH3 stretching vibration at 785 cm−1 and a characteristic SiOSi
vibration at 1007 cm−1 can be seen [60]. This corresponds to
PDMS [61, 62]. Despite the differing functionality, the similarities
of carbon and silicon are not to be neglected. Therefore, SiOSi
groups may imitate carbon and oxygen bonding in real human
skin. Additionally, an alcoholic OH stretching vibrations appears
at 3350 cm−1 as the catalyzer from the mold migrates into the
casted Dragon Skin [60].

4.3 Skin Probes

To evaluate the results from this dermatological approach to skin
characterization, references of real human skin are inevitable.
Fortunately, such references are given in scientific literature. For
skin pH, given values [63–67] are summarized as weighted mean
with its respective weighted standard deviation to enlarge the
tested population. This summarization leads to a reference pH
of 4.6 ± 0.5 with a sample size of 79. However, all substitute
materials but VitroSkin do not contain artificial skin lipids. As
skin lipids are acidic, they lower the surface pH. Therefore, these
measurements serve only as a baseline. The materials are only
accepted as skin-like if the surface pH is above the reference
range, as the reference range is described by the pH of normal
human skin with its naturally occurring lipid film. This is based
on the assumption that the surface pH is significantly reduced by
artificial skin lipids, and thus, a substitute in the reference range
would, therefore, no longer be in it.

According to the results illustrated in Figure 5, all substitutes
but modified gelatine are above the reference range for normal,
lipid containing human skin. Therefore, modified gelatine and
VitroSkin—the only material already containing lipids—seem
unsuitable for the simulation of human skin in this regard. As
artificial skin lipids will be added in further studies, these results
are prone to change, and no final conclusions will be drawn.

Regarding skin friction, the biggest andmost representative study
was carried out among the Asian population. Therefore, the
applicability for Caucasians or Africans may be limited. Despite
this limitation, the data is used as a reference due to limited
research. Overall, the reference is given as a weighted mean
with a weighted standard deviation of 15 ± 3 AU with a sample
size of 481 [68]. Out of all tested materials, only polyurethane
is indifferentiable from human skin. However, it is expected
that artificial skin lipids will act as lubricants and will decrease
the friction between the surface and the probe. Therefore, these
results serve as a baseline as well.

Lastly, skin probes are used to evaluate the elastic properties of
substitute materials. In the literature, skin’s viscoelastic ratio, rel-
ative elastic recovery, and remaining skin deformity are described
[69]. As a reference for these characteristics, 95% confidence
intervals reported for the volar forearm and the cheek are
applied. According to Figure 6, only Dragon Skin and Gelafix
resemble the viscoelastic ratio of human skin as the only properly
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TABLE 3 Weighting factors of the Skin Similarity Index.

Category Factor

Surface structure 1
Micro texture 1
Waviness 2
Roughness 2
Functional groups 3
pH value 1
Elasticity 2
Friction 0.5

resembled characteristic. However, only relative characteristics
are presented, and the absolute penetration depth of a substitute’s
surface into the skin probe is not considered. This consideration is
of further interest. Nevertheless, only relative characteristics are
described in the literature to the best of the author’s knowledge,
and new studies are needed for the evaluation of absolute
penetration.

4.4 Skin Similarity Index

As a great number of parameters are evaluated, an overview for
the substitutes similarity to human skin is required. However, no
data fusion system for skin similarities is described in literature
yet to the best of the authors’ knowledge. Therefore, a mid-level
data fusion systemneeds to be established to build the foundation
for holistic evaluation of a skin substitutes similarity to human
skin.

For this purpose, the data is divided into eight different categories:
Surface structure, micro texture, waviness, roughness, surface
functional groups, pH-value, friction, and elasticity. Each is
described by an index between zero and one whereas zero
indicates no similarity to human skin and is undifferentiable.
This approach equals the system used for surface roughness
and waviness evaluation and is used for all parameters of each
category. To convert all parameters of a category to a category’s
index value, the summed-up indices of the parameters are divided
by the number of parameters. To sharpen the profile of the
indexing system, the eight categories are weighted according to
Table 3. The weighting results from generally know dependency
of adhesion but is not based on knowledge of adhesion to skin.
Therefore, this is only a hypothesized weighting, and further
research is necessary to develop a final weighting system.

However, it is to be expected that surface roughness and waviness
have a significant impact on the adhesion to the skin as these cat-
egories showed a distinctive correlation to adhesion in previous
studies [46, 70]. Therefore, both are double-weighted. The same
holds true for elasticity. As an elastic surface createsmore stress to
the TTS due to enhanced tension and compression, and generates
a changing angle during the peel-off of a TTS, it is expected to
influence the adhesion to skin significantly. Another particularly
interesting category are the functional groups. Previous studies
have established a relation between molecular interactions and

FIGURE 7 Skin similarity evaluation of skin substitutes over all
analyzed categories. The maximal achievable index value is 1.

adhesion, linking the molecular interactions to the functional
groups of the surface [49, 70, 48]. Therefore, this category is given
the triple weight. As the pH value of a surface is strongly depen-
dent on the chemical functionality of a surface, it is weighted
with a factor of 1. This leads to a balance between the weighting
of surface roughness/waviness and the chemical functionality,
which are strongly expected to influence the adhesion to skin
significantly. The last modified weighting factor is for friction.
Due to the process of adhesion, only minor relevance for the
adhesion to the skin is expected, and therefore, it is weightedwith
a factor of 0.5.

In order to present the results in a clear and comprehensibleman-
ner, the indices of the individual categories are standardized by
the sum of the weighting factors. This results in a Skin Similarity
Index between 0 (no similarity to skin) and 1 (indistinguishable
from skin [Figure 7]).

According to Figure 7, the best substitutes are modified Gelatine
and Dragon Skin. Their individual strengths and weaknesses are
shown in Table 4. Despite Dragons Skins strength regarding its
topography, it lacks the functional groups of human skin as well
as its frictional properties and its elasticity. Considering these
properties, polyurethane seems more suited as a skin substitute
material. However, it scores the lowest Skin Similarity Index and
is, therefore, the less suitable substitute material.

4.5 Limitations

As stated in the introduction, this study’s aim is to lay the
foundation for further research. As the foundational study and,
therefore, fundamental research, a broad baseline for future stud-
ies is established. However, as fundamental research suggests, the
presented models and methods still have significant limitations.
Most strikingly, the analyzed materials and characteristics are
based on literature regarding adhesion in general and experience
from the industry, whereas the concepts are applicable to all
usages of skin substitutes. However, this research is specifically
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TABLE 4 Qualitative strengths (+) and weaknesses (−) of skin substitute materials compared to each other. The mechanical behavior combines
the categories “Elasticity” and “Friction” of the Skin Similarity Index. Accordingly, “Surface Functionality” includes the pH value and the surface
functionalities, and “Topography” contains the features of waviness, roughness, surface structure, and micro texture.

Skin substitute material Mechanical behavior Surface functionality Topography

Polyurethane + 0 0
Dragon Skin + — +
Gelatine — 0 +
Gelafix + + 0
VitroSkin — + —

designed to match the requirements of in vitro adhesion testing.
As adhesion is a superficial process, the presented data or, more
precisely, the use of the presented data is limited to in vitro
superficial processes only. Even though these limitations exclude
permeation testing or application in emergency medicine, it may
be used for developing in vitro test systems for distribution or
deposition on skin. However, for this data to be used in those
fields of application, different “Skin Similarities Indices” are
needed. The indexing system is customized for each application
by different weighting factors. Therefore, the conclusion from the
indexing system are individual for each application. However,
without further research, the weighting factors are only estimates
based on scientific literature. Hence, no final conclusions can
be made whatsoever, and only, still most importantly, is the
foundation for dedicated further research regarding different
practical, user-oriented topics on product performance tests on
human skin is provided.

5 Conclusion

In summary, a system to rate similarity to human skin incor-
porating topography, mechanical characteristics, and chemical
functionality is established. This system is applied to a broad
range of skin substitute materials for adhesion testing of TTS
and leads to Dragon Skin and modified gelatine as best-suited
materials. However, PU seems to be a more rounded material as
it scores in most aspects, is inexpensive, and does not need any
preparation to be used.

Anyway, most tested materials lack artificial skin lipids that
need to be added in further research. Such coatings are widely
described in the literature [28, 49, 50, 71–74]. This modification
of materials would not only lead to more accurate results for
friction, pH, and surface functionality but would also allow a
first discrimination between different skin types (oligoseborrheic,
nomoseborrheic, and hyperseborrheric).

Furthermore, artificial skin lipids would change the surfaces’
contact angle too. Contact angle analysis under the application of
the Van-Oss-model [75] is commonly used to characterize human
skin [53, 76–79]. As it describes the hydrophilia and lipophilia of
a surface, it is suspected to have a significant effect on adhesive
properties.

Additionally, the reproducibility of the substitute itself must be
taken into consideration, as only a reproducible skin substitute

can lead to reproducible adhesion testing. However, all materials
that need to be casted possess an inherent lack of reproducibility.
As each mold is unique, no standard can be applied yet, and all
results are dependent on the individual skin imprint. This issue
needs to be solved for future industrial applications.

After all, the most important task in developing a skin substitute
for adhesion simulation of TTS is the correlation of adhesion
tests using different skin substituent materials with data from
real human skin. This is inevitable in evaluating the relevance of
all characteristics and engineering an applicable skin substitute.
The presented study lays the foundation for consistent, in-depth
research in this field.
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