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A B S T R A C T

Thin film deposition is essential in the cosmetic industry, where formulations such as foundations and concealers 
rely on uniform layer formation to conceal pores and texture irregularities for a natural and even appearance. 
However, variations in skin topography, influenced by factors such as aging, genetics, and environmental 
exposure, can significantly affect the behavior of these films. Aging, in particular, leads to increased skin 
roughness and wrinkles, creating challenges to achieve consistent cosmetic deposition in diverse age groups. This 
study investigates the impact of age-related topographical changes on cosmetic thin film deposition and in
troduces a model for standardized, age-specific evaluation of cosmetic performance. Using X-ray micro
tomography, we compare skin topography from a cohort of the Korean population segmented into young and 
aged groups. A PDMS-based model is then constructed using these skin topographies, and thin film deposition is 
assessed both on human-derived skin positives and on the assembled model. This approach demonstrates the 
potential of artificial skin models for the precise quantification and evaluation of film coverage. In addition, we 
propose an improved model that incorporates key factors such as skin porosity and sebum production to increase 
realism. By exploring the interactions between skin morphology and cosmetic behavior, this method offers 
valuable insights into optimizing formulations to meet the diverse needs of consumers.

1. Introduction

Thin film deposition is a pivotal process in various industries, 
including electronics, coatings, biologics, and pharmaceuticals, where 
precise and controlled layer formation is essential to achieve optimal 
performance and functionality [1–4]. In the cosmetic industry, thin film 
deposition is critical for product performance, as formulations such as 
foundations and concealers rely on uniform deposition. These films 
improve the appearance of the skin by concealing topographical varia
tions, such as pores and textural irregularities, thereby achieving the 
even natural appearance desired by consumers [5–7]. As the global 
cosmetic market continues to expand, valued at $374.19 billion in 2023 
and projected to reach $758.05 billion by 2032, according to Fortune 
Business Insights, the demand for improved cosmetic formulations that 

improve coverage, adhesion, and durability is also increasing [8]. 
Effective cosmetic thin film formation depends on the chemical 
composition of each formulation and the structural attributes of the skin 
substrate, as deposition behavior is significantly affected by 
skin-cosmetic interface variables such as roughness and topography [9]. 
Achieving optimal coverage and adhesion requires an in-depth under
standing of these interactions to produce formulations that are tailored 
for various skin types. To this end, it is essential to establish advanced 
and standardized evaluation methods to assess thin film deposition on 
the skin. Implementing such methodologies will enable precise and 
reproducible assessments of cosmetic film performance across diverse 
skin types, ultimately driving innovations that meet the high expecta
tions of both industry standards and consumer demands [10,11].

Skin topography varies among individuals, which can significantly 
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impact thin film deposition. A significant factor driving changes in skin 
structure is aging, a natural process marked by a decline in biological 
functions [12,13]. Skin aging can also be influenced by genetic predis
position, hormonal changes, and environmental factors such as UV 
exposure and air pollution, which accelerate the aging phenotype [14,
15]. These factors result in a decrease in cell turnover, leading to 
increased roughness and scaliness. In addition, loss of elastin fibers and 
collagen degradation contribute to the formation of wrinkles [16]. The 
contrast between the smooth texture of youthful skin and the deep 
wrinkles and roughness of aged skin substantially alters cosmetic film 
deposition. Since the deposition of cosmetic films is expected to vary 
widely between individuals of different ages, tailoring cosmetic testing 
platforms to incorporate age-specific characteristics and developing 
standardized evaluation methods can offer a valuable approach to 
developing and evaluating cosmetic performance across diverse age 
groups (Fig. 1). By replicating the unique morphological and physio
logical characteristics of the skin in different stages of life, this strategy 
can enhance the precision of cosmetic product formulations for varying 
skin types. Furthermore, such platforms could have broader applications 
in industries reliant on skin-related thin film deposition, including bio
mimetics and drug delivery systems, improving the performance and 
adaptability of related technologies [17]. In this study, we examined the 
topographical variations in the skin during aging to develop a model for 
a standardized age-differentiated analysis of cosmetic thin film deposi
tion, applicable for a wide array of cosmetic performance tests. The 
substrate was further upgraded to include factors such as skin porosity 
and sebum production to increase the realism of the model. Further
more, by employing X-ray microtomography, precise quantification of 
cosmetic profiles and statistical analysis of coverage could be achieved 
[18,19]. By understanding the interaction between skin morphology and 
cosmetic product behavior, the cosmetic industry can optimize formu
lations to improve film deposition and long-lasting wear, addressing the 
diverse needs of consumers and strengthening their market position. 
This approach highlights the importance of integrating comprehensive 
skin models and advanced imaging techniques into product 

development, enabling the creation of formulations tailored to diverse 
skin types and ages. By offering a reliable alternative to animal testing, 
this strategy supports the development of more effective, inclusive, and 
ethically responsible solutions.

2. Experimental section

To investigate the influence of skin topography on cosmetic film 
performance, age-tailored artificial skin models were developed based 
on a three-step approach (Fig. 2). Step 1) The morphological differences 
between young and aged skin were quantified using positive skin prints, 
which were generated from negative prints of human forehead imprints 
to capture structural variations. Step 2) These characteristics were then 
used to create artificial skin models that mimic the topographical fea
tures of each age group. Step 3) The artificial skin models were subse
quently validated for cosmetic film testing, where formulations with 
distinct properties were applied to assess film coverage, offering insights 
into the influence of skin texture on product performance. A compre
hensive description of the experimental procedures is presented in the 
following sub-sections.

2.1. Acquisition of skin prints

Skin prints were obtained from a cohort of Korean subjects 
comprising two distinct groups: a "young" group of 12 subjects aged 
between 20 and 30 years and an "aged" group of 12 subjects aged be
tween 50 and 60 years. The subject group comprised an equal number of 
female and male volunteers. Data analysis was performed based on age, 
without considering sex, as no significant variations could be identified 
for the variables under study. Skin negative prints were prepared in vivo 
using Body DoubleTM (Smooth On Inc., United States), a biocompatible 
silicone, according to the manufacturer’s instructions. Briefly, the two 
components of the kit were mixed in equal parts and applied to the clean 
forehead of the subjects approximately at a dimension of 2 × 5 cm and 
left to dry for 20 min. To obtain skin-positive prints, Dragon SkinTM 

Fig. 1. Schematic representation depicting the main topographical differences between young and aged skin and the necessity for age-differentiated platforms.
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(Smooth On Inc., United States) was prepared according to the manu
facturer’s instructions and poured over the previously obtained negative 
prints that were fixed to 60 mm Petri dishes (SPL Life Sciences, South 
Korea). The samples were degassed for 2 h to remove trapped bubbles 
and left to dry for 6 h at room temperature. The samples were then cut 
into 1 × 1 cm square pieces with a razor blade for further analysis. To 
characterize the topographical differences between the young and aged 
groups, the wrinkle height and the wrinkle pitch were the chosen pa
rameters for quantification.

2.2. Artificial skin substrate fabrication

The artificial skin substrate was fabricated with SYLGARDTM 184 
Silicone Elastomer Kit (Dow, United States), a two-component system 
(polymeric base, curing agent) mixed in a 20:1 ratio that resulted in a 
formed composite of polydimethylsiloxane (PDMS). To achieve a surface 
that mimics the natural texture of human skin, a micropillar design was 
adopted with two different configurations based on the skin prints’ 
topographical parameters quantification: (I) Young model - cylindrical 
pillars with diameter (D) = 100 μm and height (H) = 25 μm spaced by a 
pitch (P) = 400 μm; (II) Aged model - cylindrical pillars with diameter 
(D) = 100 μm and height (H) = 100 μm spaced by a pitch (P) = 100 μm. 
The designs were etched on silicon wafer master molds and treated with 
a hydrophobic coating to help with the release of the polymeric sub
strate. The PDMS mixture was poured into the master molds and placed 
in a vacuum-degassing chamber until all trapped bubbles were released. 
The substrate was left to cure in a convection oven at 75 ◦C for 4 h, 
followed by a cooling period, and then gently peeled off the silicon 
wafer. The samples were then cut into 1 × 1 cm square pieces with a 
razor blade for further analysis. The manufacturing of porous artificial 
skin substrates follows a similar methodology, and the porous inclusion 
procedure is explained in more detail in the Results and Discussion 
section [20].

2.3. Cosmetic thin film deposition

Two cosmetic foundation products, advertised, respectively, as low 
and high coverage formulations, were selected from the market to test 

their different coverage capacities on young and aged skin. The 
distinction between the two formulations arises from differences in 
composition, such as the content of powders, polymers and emulsifiers, 
as well as the type and ratio of incorporated oils. These compositional 
variations influence the rate of solvent evaporation and the kinetics of 
makeup film formation. The “low coverage” formulation includes both 
chemical and physical sunscreen agents, acrylate and silicone polymers 
(film formers) to aid with longevity and water resistance, and polymers 
that help with oil absorption for a smoother finish. This long-wear 
formulation is expected to apply smoothly and thinly along the sur
face of the skin. The “high coverage” formulation has a higher content of 
physical mineral filters, which are responsible for the increase in opac
ity. Furthermore, besides multiple silicone and polymeric film formers 
for long-wear coverage, this formulation has spherical filler powders (i. 
e. PMMA, Nylon-12) that contribute for matte finishes and increased 
“soft-focus” effect. Therefore, this formulation is expected to fill in the 
skin texture, giving a long-lasting smooth appearance. The formulations 
were applied to 1 × 1 cm squared sections of both skin prints and 
micropillar artificial skin models using a spin-coater set to 1750 RPM for 
60 s. This technique was used to achieve a thin film deposition that 
closely replicates the average application speed of cosmetic products to 
the skin surface. The samples were subsequently imaged after ensuring 
complete drying of the cosmetic film.

2.4. X-ray computed microtomography

X-ray computed microtomography was utilized to visualize and 
quantify the characteristics of skin prints and artificial skin models. The 
experiments were carried out at the Pohang Light Source II (PLS-II) - 6C 
Biomedical Imaging (BMI) beamline in South Korea. This beamline is 
characterized by phase contrast imaging with a monochromatic hard X- 
ray source. The samples were analyzed using an energy of 37 keV to 
ensure complete imaging, as the sample size exceeded the field of view. 
This approach was necessary to prevent damage that could result from 
cutting the samples. The field of view was 1.70 × 1.40 mm2 (pixel size: 
0.65 μm). The detailed image acquisition process is described in previ
ous reports [21,22]. The acquired three-dimensional data sets were 
visualized and analyzed using Avizo visualization software 

Fig. 2. Overview of the methodology to develop and employ an age-differentiated artificial skin model for cosmetic film testing. Step 1: Acquisition of negative (− ) 
skin prints from young and aged human foreheads as a mold to cast positive (+) skin prints that are subjected to structural analysis. Step 2: Design of the age- 
differentiated artificial skin models based on the analyzed properties of the positive skin imprints. Step 3: Testing cosmetic products with distinct formulations 
(i.e. A vs. B) to validate the proposed system for cosmetic film analysis. Schematic illustration not to scale.
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(ThermoFisher Scientific, United States). This allowed volume re
constructions and the visualization of 2D cross-sections in multiple di
rections for quantitative analysis.

2.5. Scanning electron microscopy

Additional imaging was achieved with scanning electron microscopy 
(SEM) (S-3000H, Hitachi, Japan) taken at 10 kV. Since the sample is 
nonconductive, it was coated with gold for 60 s using a gold sputter 
(E− 1010 Ion Sputter, Hitachi, Japan) prior to imaging.

2.6. Cosmetic film performance analysis

To evaluate the drying dynamics of the cosmetic formulations under 
study, mass was automatically measured every 30 min during 24 h 
utilizing an electronic mass balance (EX224G, Ohaus, United States). All 
drying experiments were conducted at 20 ± 2 ◦C temperature and 20 ±
5% relative humidity. To visualize the temporal evolution of cosmetic 
drying after spin-coating and the wear of the film before and after per
formance tests, a digital upright microscope (VHX-700FE, Keyence, 
Japan) was utilized. For a transfer test, the two formulations were 
deposited with spin-coating and allowed to settle for 1 h. Subsequently, 
a cut-out of the inner layer of a face mask was gently pressed against the 
cosmetic film for 2 s, in both young and aged models. For further image 
processing and analysis, such as surface roughness measurements and 
area quantification, the Fiji software and respective bundled plugins 
were used. The contact angle measurements were obtained from side- 
view optical images acquired with a drop shape analyzer by dropping 
a 5 μL droplet of deionized water on the cosmetic films (DSA25, Krüss, 
Germany). After spin-coating the cosmetic formulations onto the artifi
cial skin, the contact angle was measured at 30 min, 60 min, and 24 h 
after deposition. For a water resistance test, a static and an active im
mersion experiment was conducted. For the static immersion, artificial 
skin models coated with a spin-coated cosmetic film were submerged in 
a petri dish with deionized water for 30 min. For the active immersion, 
the samples were submerged with deionized water in a tube, later 
positioned in a digital roller shaker (Roller 6, IKA, Germany) to agitate 
for 30 min at a 40 RPM. While these tests do not encompass the full 
diversity of real-world variables, they offer a comparative approach for a 
quantitative assessment of cosmetic film deposition of variable formu
lations in skins of variable morphologies, while ensuring reproducibility 
in a controlled experimental setting [23].

2.7. Statistics and reproducibility

To quantify the topographical characteristics of skin positive prints, 
the samples collected from each individual were measured in at least n 
= 5 replicates for each parameter. The thickness of the cosmetic film was 
measured for each sample group in n = 15 replicates to quantify the 
coverage of the cosmetic film. Graphs were plotted as relative fold 
changes to each corresponding maximum to compare skin positives with 
skin models. P-values were determined utilizing a one-way ANOVA with 
a Tukey test. Graphs were plotted as relative fold changes to each age 
group’s maximum to analyze porous skin models. P-values were deter
mined utilizing unpaired two-tailed Student’s t-tests. For all data, sta
tistical differences were defined as *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001. 
All the aforementioned statistical analyses were performed using Origin 
2017. Data collection and analysis were not performed blind to the 
conditions of the experiments.

3. Results and Discussion

3.1. Development of age-tailored artificial skin models

The skin comprises distinct layers: the epidermis, dermis, and sub
cutaneous tissue. The epidermis, as the outer layer, is primarily 

responsible for the texture and morphology of the skin, forming a critical 
barrier to protect the body from external threats [24,25]. The dermis is 
responsible for the synthesis of collagen and elastin, which impart 
structural integrity and elasticity to the skin [26,27]. In addition, skin 
appendages, including hair follicles and sebaceous glands, contribute to 
the formation of pores and the accumulation of sebum, a lipid-rich 
substance that aids in maintaining hydration and provides a protective 
barrier against microbial invasion [28]. Despite continuous cellular 
turnover, the skin structure remains dynamic and adapts to internal and 
external stimuli.

To develop age-specific artificial skin models that accurately repli
cate the topographical features of both young and aged human skin, we 
initially focused on simulating surface topography changes associated 
with aging [29–32]. This approach is based on the understanding that 
the rate of cellular turnover in the epidermis and dermis plays a role in 
the formation of wrinkles and increased skin roughness over time. To do 
so, skin prints were collected from two distinct age groups: a "young" 
group (aged 20–30 years) and an "aged" group (aged 50–60 years). The 
collected skin prints were subjected to X-ray microtomography analysis 
to obtain data regarding two parameters: wrinkle height (Wℎ) and 
wrinkle pitch (Wp). Wℎ is defined as the vertical distance from the lowest 
point of a wrinkle to the skin’s baseline, while Wp refers to the distance 
between adjacent wrinkles. An example of these measurements is shown 
in Fig. 3A, where 2D cross-sectional images, obtained via X-ray micro
tomography, provide in-situ side view of the skin prints without physical 
damage to the substrate. The three-dimensional reconstructions and 
side-view cross-sections were taken from the skin prints of all partici
pants, with an average of 60 measurements per age group for each 
parameter. The relative frequency distribution of the measurements is 
also illustrated in Fig. 3B for each age group. The data is organized into 
bin sizes appropriate to the order of magnitude of the measurements. 
The Wℎ exhibits variability at the order of tens, therefore the bin size is 
10. For the Wp, the variability is present at the order of hundreds, 
resulting in a bin size of 100. This granularity captured biologically 
relevant variations, enabling precise analysis and the identification of 
common structural characteristics. To account for the heterogeneous 
nature of human skin, the most frequent measurement ranges were 
selected, ensuring a realistic mimetic model. An example of this het
erogeneity is the occasional presence of deeper wrinkles (see Supple
mentary Data Fig. S1) that greatly deviate the measurements average, 
hence the choice being made based of the measurements range fre
quency. The bars corresponding to these ranges are highlighted in the 
plots, serving then as a guideline for designing the artificial skin models. 
For young skin, characterized by a smoother surface, the highest relative 
frequency for Wℎ was between 20 and 30 μm, and for Wp between 300 
and 500 μm. In contrast, for aged skin, characterized by a rougher 
texture with more visible wrinkles, the highest relative frequency for Wℎ 
was between 80 and 120 μm, and for Wp between 0 and 200 μm. These 
results are consistent with previous reports on wrinkle depth measure
ments across different age groups [31,33]. Particularly, X-ray micro
tomography enabled direct imaging of cross-sectional slices with 
sub-micron resolution, providing a highly accurate methodology for 
assessing skin roughness. Based on these results, two micropillar designs 
were created to reflect and mimic similar topographical properties to 
both young and aged skin, by varying the height and the pitch of the 
pillars. Maintaining the pillar diameter fixed at 100 μm, the young 
model was designed with pillars with a height of 25 μm spaced by a pitch 
of 400 μm, and the aged model was designed with pillars with a height of 
100 μm spaced by a pitch of 100 μm.

3.2. Characterization of age-tailored artificial skin models

The designed platforms were used to fabricate artificial skin sub
strates, facilitating easy and reproducible topographical replication. To 
this end, PDMS, a transparent silicone polymer material with high 
biocompatibility and moldability, was utilized. The young and aged skin 
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models were then produced in large batches and divided into 1 cm × 1 
cm squares (Fig. 4A) for all experiments, a size suitable for visualization 
with various devices and compatible with the cosmetic application by 
spin coating, ensuring consistent results. Fig. 4B presents SEM micro
graphs, which highlight the differences in pillar height and spacing 
between young and old skin models, as previously designed in Fig. 2. 
SEM further confirmed that age-specific designs were accurately 
imprinted onto the PDMS substrates, with no defects observed during 
casting or release.

For precise measurement of the substrate dimensions, X-ray imaging 
was utilized. Computed microtomography enabled in situ non-invasive 
visualization of the internal structures of the substrate in three di
mensions, as well as the generation of two-dimensional orthogonal slices 
in any direction. Fig. 4C represents the three-dimensional reconstruction 
and the two-dimensional cross-sectional X-Z slices of the pillar 
arrangement for both the young and the aged model, where direct 

measurements confirm the dimensions to be in the representative range 
decided for each age-differentiated model.

The artificial skin model developed in this study offers significant 
advantages over conventional models that rely on replicas of skin 
topography, which are often subject to high variability [34,35]. Our 
model not only provides a more standardized surface, minimizing in
consistencies associated with natural skin replicas, but is also 
age-differentiated, enabling customized studies that reflect the unique 
characteristics of skin at different stages of life. This combination of 
standardization and age specificity ensures greater reproducibility in 
experimental results and makes the model particularly suitable for 
consistent, reliable, and ethical analyses of cosmetic film deposition 
across diverse age groups.

Fig. 3. Human skin print analysis. (A) Schematic illustration of the measurements taken in a representative X-ray cross-section view of a human skin print. (B) 
Quantification of wrinkle height and pitch from young and aged skin prints analyzed by X-ray microtomography.
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3.3. Model validation by assessment of cosmetic film coverage

An age-differentiated artificial skin model offers significant potential 
for predicting how cosmetic products interact with skin of varying to
pographies, thus aiding in the creation of age-targeted formulations. To 
validate the proposed artificial skin model, a thin layer of two distinct 
cosmetic formulations (“low” and “high” coverage) was applied to both 
the skin prints and the artificial skin models. This aimed to assess the 
applicability of the artificial skin models as substitutes for in vivo testing 
during product development. A preliminary SEM imaging analysis 
confirmed that the distinct formulations appeared to show different 
deposition patterns, though their precise visualization and quantifica
tion proved difficult with this approach (see Supplementary Data 
Fig. S2). For the obtention of high-quality and quantifiable image data, 
X-ray microtomography was utilized to generate three-dimensional re
constructions and two-dimensional cross sections of each skin print or 
artificial skin model. It is important to note that, given the safety 

constraints of in vivo X-ray imaging, skin positive prints were selected as 
a comparative tool for evaluating cosmetic film coverage and deter
mining the structural and topographical resemblance of the artificial 
skin models to real human skin. The selected skin prints were chosen 
from the subject pool as representative individuals whose skin topog
raphy falls within the highest frequency measurement range previously 
discussed in Fig. 3B. In both young skin and the model, the surface 
texture was not highly pronounced. Thus, the application of a low 
coverage formulation resulted in a smooth and even cosmetic film 
appearance both in the young and skin and young model. This is sup
ported by both the three-dimensional reconstructions and the two- 
dimensional cross-sectional side views. In contrast, in the aged skin 
and model, the same thin, low coverage cosmetic film was unable to 
conceal the natural texture of the skin. The three-dimensional re
constructions and the two-dimensional cross sections distinctly 
demonstrate the uneven appearance of the surface, where the natural 
roughness of the skin remains dominant. In addition to direct 

Fig. 4. Artificial skin model characterization. (A) Digital photographic representation of the young and aged artificial skin models. (B) SEM micrographs of the young 
and aged skin models with increasing magnifications. (C) X-ray 3D reconstructions and X-Z cross-sectional slices of young and aged artificial skin models with 
respective measurements.
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visualization, X-ray imaging also enables quantification of several pa
rameters to characterize these models in a more systematic way [10]. 
From the side-view images in Fig. 5A, the thickness of the cosmetic film 
was measured at various points to understand the variations between 
young and aged skin (Fig. 5B). The results show that the normalized 
coverage of the cosmetic film was significantly different between young 
and old skin, the coverage being lower for the latter group. Furthermore, 
the results also show that the coverage measurements for the skin prints 
and the designed models were not significantly different within each age 
group, corroborating the model validity in replicating the behavior of 
real human skin. Film thickness is a parameter often taken into account 
when addressing the formation and performance of cosmetic films, 

particularly in long-wear cosmetics such as foundation formulations, 
hence the advantage of the proposed method that allows direct quan
tification of this parameter [36,37]. In addition, the total length of the 
coverage line was also measured (Fig. 5C). These results show that, due 
to the more irregular surface of the aged skin and model, the total length 
of the coverage surface line was higher, showing the inability of the 
cosmetic film to mask the irregularities of the surface and still displaying 
the natural waviness of the older skin’s topography. Since surface 
roughness is a critical parameter that affects cosmetic adhesion to the 
skin and this parameter is shown to have age-dependent differences, the 
creation of a facile method for accurate prediction of cosmetic film 
deposition is expected to greatly benefit formulation development in a 

Fig. 5. Low coverage cosmetic film analysis. (A) Representative X-ray 3D reconstructions and X-Z cross-section slices of cosmetic film coverage in young and aged 
skin in comparison with young and aged models. (B) Quantification of coverage thickness from X-Z cross section slices. (C) Representation of coverage profile and 
quantification of total coverage surface line length.
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systematic way [9,38].
To verify the applicability of the designed artificial skin model to 

distinguish and characterize cosmetic products with distinct formula
tions, the high coverage cosmetic formulation was also applied to both 
young and aged skin prints and skin models, as represented in Fig. 6A. 
Here, in contrast to what was observed for the low coverage formula
tion, the cosmetic film was able to provide a smooth appearance to the 
skin surface for both young and aged samples. The three-dimensional 
reconstructions and the two-dimensional cross sections both show a 
much more uniform surface after the high coverage formulation was 
applied in comparison to the low coverage formulation observed in 
Fig. 5A. Similarly, coverage quantification (Fig. 6B) and coverage 

surface line length (Fig. 6C) now show that there were no significant 
differences between young and aged skin and their respective models, 
highlighting the differences between the purpose and effect of the 
different cosmetic formulations. Therefore, these artificial skin models 
also show the potential to be used as a platform to identify the influence 
of cosmetic thin film application on wrinkle alleviation effects [7].

The age-tailored artificial skin substrates presented herein demon
strated strong comparability and enabled systematic, quantifiable 
analysis. However, it is important to note that the current study was 
conducted exclusively with a Korean population, which presents a lim
itation and underscores the potential for the development of region- 
specific models in the future. Furthermore, adjusting the height and 

Fig. 6. High coverage cosmetic film analysis. (A) Representative X-ray 3D reconstructions and X-Z cross-section slices of cosmetic film coverage in young and aged 
skin in comparison with young and aged models. (B) Quantification of coverage thickness from X-Z cross section slices. (C) Representation of coverage profile and 
quantification of total coverage surface line length.
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pitch of the pillar based on individual characteristics could serve as a 
promising strategy to create customized cosmetic products tailored to 
different skin profiles. Although this study primarily focused on the 
development of skin models for cosmetic film analysis, the biocompat
ibility of PDMS opens avenues for the advancement of these age-specific 
models into biohybrid artificial skin constructs incorporating other 
biological components, such as skin cells culture for the development of 
full-thickness models. Such an approach would enhance the realism of 
the models, facilitating the exploration of novel parameters, such as the 
efficacy of topical or transdermal treatments at the cellular level [39].

3.4. Characterization of cosmetic film performance in age-tailored 
artificial skin models

To further understand the applicability of the artificial skin models, 
cosmetic film performance was assessed through film adhesion (Fig. 7) 
and water resistance (Fig. 8) analyses [36,40,41]. Firstly, to understand 
the adhesion behavior of the formulations, the evaporation rate was 
determined by measuring the decrease in mass over time. The evapo
ration rate of both formulations followed a similar linear trend, with a 
dynamic phase during the first 400 min (approximately 7 h), reaching a 
plateau of roughly constant mass, indicating the film’s stability 
(Fig. 7A). However, the low coverage formulation exhibited a higher 
evaporation rate compared to the high coverage formulation, as shown 
by the normalized mass loss measurements over time. Notably, the low 
coverage film resulted in a lower final mass than the high-coverage 
counterpart, likely due to differences in water content and the pres
ence of a greater proportion of volatile components. To visualize how 
the evaporation dynamics influence film adhesion, the evolution of film 
morphology over time was evaluated in Fig. 7B based on the behavior 
exhibited in Fig. 7A, highlighting differences in structural integrity and 
homogeneity between the young and aged skin models. Initially, the 
formulation spread uniformly across both models; however, as time 
progressed, the aged model exhibited a more irregular pattern, with 
increased surface heterogeneity and localized disruptions, particularly 
in the low coverage cosmetic film. Quantitative analysis of surface 
arithmetic roughness, presented in Fig. 7C, further supports the obser
vations from Fig. 7B, revealing distinct roughness evolution trends be
tween the different formulations and models. For both formulations, a 
clear correlation between water content and roughness was observed. As 
the film transitioned from a highly hydrated state, a pronounced in
crease in roughness occurred due to structural rearrangements during 
moisture loss. However, as evaporation progressed further, roughness 
gradually decreased as the film compacted and stabilized. Interestingly, 
in the low coverage aged model, roughness remained higher than in the 
young model, as the underlying surface texture became more 
pronounced—a phenomenon not observed in the high-coverage 
formulation, where a more uniform film was maintained. These find
ings highlight the interplay between film coverage, evaporation rate, 
and surface roughness. Additionally, a transfer test was conducted by 
assessing the residue left on a cloth excised from a face mask—a material 
that frequently comes into contact with facial skin—after applying 
manual pressure for 2 s [38,42]. As shown in Fig. 7D, the low coverage 
cosmetic film exhibited significantly higher transfer, resulting in a more 
pronounced imprinting on the artificial skin surface. In addition, anal
ysis of the cloth residues showed a cosmetic transfer covering 74% and 
93% of the cloth area for the young and aged models, respectively. In 
contrast, the high coverage cosmetic film demonstrated significantly 
lower imprinting, primarily showing only the fiber patterns of the cloth 
on the artificial skin. The corresponding residue on the cloth was 
markedly reduced, covering 27% and 50% of the area for the young and 
aged models, respectively. The higher volatility of the low coverage film 
appears to contribute to increased morphological changes, particularly 
in aged skin models, whereas the high coverage film exhibits better film 
stability, which could translate to improved wearability in practical 
applications. Moreover, contact angle analysis in Fig. 8A revealed 

dynamic changes in the water-repelling properties of the outermost 
cosmetic film layer over time [43]. Initially, at 30 min post-deposition, 
both formulations exhibited moderate contact angles, indicating that the 
detected wettability can provide resistance to sweat and humidity, 
leading to longer wear while ensuring a good spreading and smooth 
finish. Interestingly, an increase in contact angle was observed at 60 
min, suggesting a temporary enhancement of water repellency, poten
tially due to structural rearrangements or the continued evaporation of 
volatile components. However, by 24h, a marked decline in contact 
angle was evident, indicating a significant reduction in the film’s hy
drophobic properties. This effect is likely due to increased moisture 
absorption by the outermost layer of the dried film, which becomes more 
susceptible to water uptake as it loses its initial barrier properties, 
leading to a lower contact angle. Additionally, notable differences were 
observed between the low and high coverage formulations, which may 
be attributed to variations in surface composition, including emulsifiers, 
oils, and polymers. These findings suggest that the wettability of 
cosmetic films can be a crucial parameter to expect its longevity, 
spreadability and resistance. Finally, the adhesion strength of the for
mulations was evaluated under conditions simulating both passive 
water exposure (static immersion) and intense moisture stress combined 
with mechanical agitation (active immersion), addressing common 
concerns related to cosmetic performance, as shown in Fig. 8B [44,45]. 
Immersion tests in static and dynamic water conditions revealed sig
nificant differences in film retention between the young and aged 
models. Before immersion, both formulations appeared intact; however, 
after 30 min of static immersion, the aged model exhibited a more 
pronounced alteration in film morphology, characterized by the for
mation of blister-like deformations, suggesting an initial weakening of 
adhesion. Under active immersion conditions, where mechanical 
agitation was applied, the aged model experienced visible film detach
ment, particularly around the edges, indicating a higher susceptibility to 
water-induced adhesion loss. This suggests that, despite using the same 
formulation, the interaction between the film and the skin model is 
highly dependent on surface morphology. The increased roughness of 
the aged model likely promotes uneven material interactions, leading to 
heterogeneous adhesion strength and localized delamination. These 
findings emphasize the crucial role of skin texture and topography in 
determining formulation adherence. The greater susceptibility of the 
aged model to adhesion loss highlights the need for tailored formula
tions that account for variations in surface roughness, ensuring better 
durability and performance in real-world applications. Overall, the 
developed artificial skin models demonstrate strong potential for eval
uating cosmetic film performance under physiologically relevant con
ditions, enabling the assessment of adhesion strength, moisture 
resistance, and wearability across different skin textures. Their ease of 
handling further enhances their reliability, providing a systematic and 
reproducible platform that minimizes errors and variability in cosmetic 
film testing.

3.5. Development of age-tailored porous artificial skin models

In addition to topography, the inherent complexity of the skin in
tegrates various additional factors that can influence the deposition of 
cosmetic films. For example, the presence of sebum can exert a signifi
cant negative influence on the deposition of cosmetic films [9,38]. 
Sebum is a product of sebaceous glands composed of a mixture of lipids 
naturally produced by the human body. The sebaceous glands are con
nected to skin pores, from which they secrete and deposit sebum, which 
may surface on the outermost layer of the skin to provide protection and 
hydration. Depending on the area of the body, sweat can also be 
deposited within these pores [46]. Sebum production varies according 
to factors such as genetic background, gender, and age, leading to skin 
types that are often classified as "dry" or "oily". The account of the 
presence of sebum and the ability to modulate its levels within artificial 
skin models may show significance for a more accurate evaluation of the 
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Fig. 7. Cosmetic film adhesion behavior. (A) Drying dynamics of the cosmetic formulations. (B) Time-dependent dynamics of the cosmetic films deposited on young 
and aged models observed with upright optical microscopy. The blue arrow indicates the presence of a crack in the film. (C) Cosmetic film arithmetic average 
roughness obtained from the surface analysis of the micrographs represented in (B). (D) Schematic illustration and micrographs of the before and after of a cosmetic 
transfer test carried out with the inner layer of a face mask. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web 
version of this article.)
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Fig. 8. Cosmetic film water resistance properties. (A) Contact angle measurement of the cosmetic film at different time stamps, for both low and high coverage 
formulations in young and aged skin models. (B) Schematic illustration and micrographs of the before and after of a water immersion test (static and active con
ditions). The blue arrows indicate the cosmetic film detachment and receding after active immersion on aged skin models. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of this article.)
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behavior of cosmetic films [38]. To further enhance the complexity of 
our age-tailored artificial platforms, porosity was incorporated to allow 
for sebum integration (Fig. 9A). To achieve this, citric acid crystals with 
an average size of 160 μm were incorporated into the PDMS mixture (see 
Supplementary Data Figs. S3A and S3B). The dissolution of the crystals 
within ethanol after PDMS curation facilitated the formation of net
works of interconnected pores within the polymer matrices 
(Fig. 9B–Supplementary Data S3C and S3D). In these substrates, the 
pillars exhibited a more variable structure, with occasional depressions 
or protuberances, an effect caused by the incorporation of citric acid 
crystals.

The porosity of the substrates was calculated by segmentation of the 
three-dimensional datasets in two volumes, air and PDMS, obtaining an 
average porosity (VP) of approximately 47% (Fig. 9C) [47]. The porosity 
and pore size achieved in the present artificial skin model are in the 
same range as the values previously described for the human acellular 
dermal matrix also measured by computed microtomography, high
lighting the similarity of this designed model to the properties of real 
human skin [48]. Subsequently, the skin models were impregnated in a 
sebum mix comprising common lipids found in the human body and 
sweat, thus creating an artificial skin infused with sebum PDMS. 
Although sebum visualization by X-ray is difficult due to its comparable 
density with PDMS, sebum deposits were discernible on the surface of 
the skin models prior to the deposition of cosmetic films, as indicated by 
the yellow outline (Fig. 9D). This approach validates PDMS as an 
excellent material for the manufacture of artificial skin, allowing easy 
incorporation of pores within its bulk and the uptake of surrogate sebum 
mixtures. In the present work, a generalized approach was pursued to 
validate the potential of sebum incorporation in the present model and 
analyze its influence on cosmetic films. However, future fine-tuning of 
the porosity and sebum contents to mimic distinct skin types would be a 

necessary next step.

3.6. Impact of sebum in cosmetic film deposition

Finally, to evaluate the impact of sebum on the deposition of 
cosmetic films, porous skin models without and with sebum were coated 
with low and high coverage cosmetic formulations and subsequently 
analyzed. Visual analysis of the 3D segmented reconstructions of the 
porous models coated with low coverage films revealed that the inclu
sion of sebum resulted in a visibly smoother surface in both young and 
aged porous models (Fig. 10A). The X-Z cross-sections provided further 
evidence to support this observation, demonstrating a more uniform 
film deposition in the sebum-containing models. This is likely a result of 
sebum leading to excessive plasticization of the cosmetic film, making it 
more flexible, which consequently can lead to less wear due to weak
ened adhesion to the skin surface and easier transfer [9]. It should be 
noted that the presence of sebum resulted in distinct morphological 
changes within the formulation, particularly in the aged porous models, 
which showed a cosmetic film with compact stratified layers composed 
of high-density inclusions. This suggests that superficial sebum may 
have interacted with the formulation, altering its structural properties 
and leading to phase separation, with undesired consequences such as 
potential delamination [49]. In addition, sebum inclusion appeared to 
increase the thickness of the film, an effect that was more evident in the 
aged porous model. The quantification of the coverage provided further 
evidence of this distinction, demonstrating a significantly higher 
coverage deposition in the porous models with sebum. This was 
observed to be approximately 0.3-fold higher in the young porous model 
(Fig. 10B) and 0.4-fold higher in the aged porous model (Fig. 10C).

Furthermore, high coverage cosmetic films exhibited a more uniform 
surface in 3D segmented reconstructions of skin models containing 

Fig. 9. Artificial porous skin model development. (A) Digital photographic representation of the young and aged porous artificial skin models before and after sebum 
inclusion. (B) Representative 3D microtomographs of young and aged porous artificial skin models. (C) Data segmentation for porosity quantification of the substrate. 
(D) Representative X-ray imaging of sebum deposit on the porous artificial skin, highlighted by the yellow outline. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the Web version of this article.)
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sebum (Fig. 11A). However, this effect was less pronounced in the X-Z 
cross-section of the aged porous model, which exhibited a noticeably 
rough surface. Similarly to the low coverage films, the presence of 
sebum introduced distinct morphological changes in the formulation, 
along with an apparent increase in film thickness. Analysis of coverage 
thicknesses revealed significant differences in the presence of sebum. 
These differences were more pronounced in young porous models, 
exhibiting a 0.3-fold change (Fig. 11B), compared to aged porous 
models, which showed a 0.2-fold change in coverage thickness 
(Fig. 11C). This indicates that the impact of sebum depends on the 
characteristics and composition of each formulation, emphasizing the 
importance of considering these variables in the development of 

cosmetic products. As individuals with oily skin typically exhibit 
distinctive characteristics compared to those with dry skin, this model 
can provide a comprehensive understanding of how sebum affects the 
deposition of cosmetic films, leading to the negative effects commonly 
described by customers [38]. The coalescence of natural skin oils with 
emulsion droplets in formulations can provide insight into the visual 
discrepancies observed, which can result in instability and increased 
thickness in the product. However, due to the challenges associated with 
measuring skin oiliness and the use of X-ray imaging in this methodol
ogy, we were unable to compare these findings with real-world condi
tions. Therefore, further investigation is necessary to create more 
tailored sebum-dependent systems and clarify the impact of sebum on 

Fig. 10. Low coverage cosmetic film analysis in porous models. (A) Representative X-ray 3D reconstructions and X-Z cross-section slices of cosmetic film coverage in 
young and aged porous models without and with sebum. (B) and (C) Quantification of coverage thickness from X-Z cross section slices for young and aged porous 
models respectively.
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product deposition. A more thorough examination of this subject, 
particularly the modulation of oiliness in accordance with real-life 
conditions, is imperative for a comprehensive understanding of prod
uct performance.

4. Conclusions

The cosmetic market is in continuous expansion, marked by the 
ongoing development of innovative products to meet increasing con
sumer demands. This significant growth emphasizes the commitment of 
the cosmetic industry to improving product quality and maintaining 
competitiveness, requiring continuous expansion and technological 

development to appeal to consumers. The role of skin characteristics 
such as topography or roughness in the application and performance of 
cosmetic films represents a significant factor in the field of cosmetic 
formulation. The artificial skin models developed in the present work 
exhibited a noteworthy correlation with real skin, demonstrating 
comparability for the analysis of the tested formulations while priori
tizing the use of low-cost components and ease of assembly. Thus, we 
highlight the role of age as a crucial determinant in product develop
ment and the necessity of developing cosmetic products that are tailored 
to specific target demographics. Furthermore, this work underscores the 
potential of advanced skin models to minimize the dependence on ani
mal testing, providing a more reproducible and targeted methodology 

Fig. 11. High coverage cosmetic film analysis in porous models. (A) Representative X-ray 3D reconstructions and X-Z cross-section slices of cosmetic film coverage in 
young and aged porous models without and with sebum. (B) and (C) Quantification of coverage thickness from X-Z cross section slices for young and aged porous 
models respectively.

M. Gonçalves et al.                                                                                                                                                                                                                             Materials Today Bio 31 (2025) 101618 

14 



for the assessment of cosmetic formulations. Future research should 
focus on developing a more sophisticated model that takes into account 
skin porosity and the varying levels of sebum to align with real-world oil 
production by different types of skin. This versatile, biocompatible 
platform also holds promise as a scaffold to accommodate skin cell 
culture, further expanding its applications beyond cosmetic research, 
such as drug screening and disease treatment.
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