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Abstract

The development of artificial skin for prosthetic applications
poses a significant engineering challenge due to the need to
replicate human skin's multilayered architecture and muilti-
functionality. Each layer must be engineered to mimic distinct
skin functions including mechanical protection, thermal regu-
lation, tactile sensation, and structural support. Additionally,
the artificial skin must demonstrate biocompatibility, long-term
durability, and seamless integration with prosthetic devices
to provide users with enhanced sensory feedback and im-
proved quality of life. This study aims to design and fabricate
a low-cost, biomimetic four-layer artificial skin system using
functionalized silicon composites to replicate human skin's
multilayered architecture and multifunctional properties for
prosthetic applications. The four-layer structure includes: a
surface biomimetic porous layer for mechanical shielding, a
thermal management layer enhanced with boron nitride fillers
to improve heat conduction, a conductive sensing layer con-
taining carbon nanotubes for pressure detection, and a base
layer providing cushioning and structural integrity. Each layer
was specifically engineered to mimic different skin functions:
mechanical protection, thermal regulation, tactile sensation,
and structural support. The total thickness of the fabricated
layers matches the human skin thickness values. Mechanical
characterization revealed properties compatible with prosthetic
applications, while surface analysis confirmed successful tex-
ture modification for enhanced tactile interaction. The thermal
layer demonstrated improved heat distribution capabilities, and
the conductive layer showed potential for pressure sensing
applications. This work presents a complete design approach
for artificial skin that meets both appearance and functional
needs for prosthetics. The developed system offers promising
prospects for enhancing quality of life for amputees through
improved sensory feedback and thermal comfort.
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Introduction

The loss of skin function following amputation significantly
impacts patients' quality of life, affecting aesthetic appear-
ance, sensory perception, and thermal regulation [1]. In
Poland alone, 10,560 lower limb and 1,099 upper limb
amputations were reported in 2024, with over 8,400 pa-
tients receiving prosthetic limb reimbursement by govern-
ment totalling 106 million PLN for lower limb prostheses
and 6.6 million PLN for upper limb prostheses [2]. These
figures align with global trends, where traumatic amputa-
tion incidence increased from 11.37 million cases in 1990
to 13.23 million in 2019 worldwide, with age-standardized
incidence rates varying significantly across regions — from
101.01 per 100,000 in East Asia to 640.09 per 100,000 in
Australasia [3]. Most frequently used prosthetic solutions
mainly focus on mechanical functionality while lacking the
complex sensory capabilities of natural skin. The develop-
ment of artificial skin that can restore all these capabilities
represents a critical advancement in prosthetic technology
[4]. Human skin consists of three primary layers with distinct
roles: the outer epidermis forms a thin but effective barrier
withs prevents fluid loss and blocks bacterial invasion, the
middle layer, dermis is well vascularized, houses touch,
temperature, and pain receptors, and contains structures
such as hair follicles and sweat glands while subcutaneous
layer offers cushioning and isolation [5], [6]. The simplified
skin model used for the skin substitute is presented in FIG 1.
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FIG. 1. Simplified skin model used for the manufac-
turing of a skin substitute.

Replicating this complex structure requires careful con-
sideration of material selection, layer design, and func-
tional integration [7], [8]. Recent advances in electronic
skin (e-skin) technology have demonstrated the potential
for creating materials that can sense pressure, temperature,
and strain [9], [10]. Modern e-skins integrate self-healing
materials that enable crack repair and recreate mechanical
function. At the same time, next-generation systems incor-
porate artificial intelligence to optimize design and uncover
user-personalized health profiles. [11], [12]. However, most
current approaches focus on single-function sensors rather
than multifunctional skin replacement systems. Combining
multiple functions within a single artificial skin construct
remains a significant engineering challenge. This study
presents an approach to artificial skin design, incorporating
biomimetic principles to create a multilayered system that
addresses the primary functions of natural skin: protection,
sensation, thermal regulation, and structural support [13].
The proposed four-layer architecture aims to replicate the
hierarchical structure and multifunctional properties of hu-
man skin using cost-effective materials and manufacturing
processes for prosthetic covering applications. This system
is designed to restore essential sensory functions in pros-
thetic devices while maintaining economic accessibility for
amputee patients.
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Materials and Methods

The simplification assumed that the skin has no skin ap-
pendages, contains only one type of mechanoreceptor
(FAI), and that blood vessels are the only factor contributing
to the thermal properties of the skin. Concept of the manu-
factured skin substitute pointed in the FIG. 2., incorporating
four distinct layers: surface layer mimicking the cornified
layer and epidermis with controlled texture and porosity,
functional thermal management layer simulating dermal
vascular function, functional sensing layer representing
mechanoreceptor functionality, and cushioning layer provid-
ing subcutaneous support.

. 1. surface layer

2. functional thermal management layer

‘o 3. functional sensing layer

4. cushioning layer

FIG. 2. Concept of the manufactured artificial skin:
representation of the individual layers of the bio-
material construction, each corresponding to the
analogous layers of natural skin.

Based on the simplified design representing the layered
structure of the skin, an artificial skin model was created,
the schematic of which is shown in FIG. 3. The artificial skin
model was intended to reflect the layered organization of the
skin, with each of its layers corresponding to the properties
of the respective layers of human skin.
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FIG. 3. Schematic illustrating the working principle
and layer structure of the developed skin substitute
composite.

During the design of artificial skin, the following materials
were selected for its production. Condensation-cure RTV-2
silicone (Siliform 25, purchased from Ag-Bet) was selected
as the base matrix due to its biocompatibility, flexibility, and
ease of processing [14]. Functional modifications included
adding: sodium bicarbonate (NaHCO;) for surface texturing
through controlled foaming, boron nitride (BN) for thermal
conductivity enhancement, and multi-walled carbon nano-
tubes (MWCNT) for electrical conductivity [15].

The developed composite for prosthetic applications,
shown in FIG. 4., consists of conductive layer that works
by detecting resistance changes. When touched, the layer
deforms, changing its resistance and the distance between
MWCNTs, which affects electrical flow. The conductive
layer is arranged in a grid (strips at different heights) to
precisely detect touch location. Each layer was fabricated
separately using casting techniques. The surface layer
incorporated 25 wt% NaHCO, to create surface porosity
and texture variation. The thermal layer utilized 20 wt%

BN particles dispersed through ultrasonic mixing to en-
sure uniform thermal property enhancement. The sensing
layer employed carefully dispersed 2.5 wt% MWCNT to
achieve electrical percolation while maintaining mechani-
cal flexibility. The base layer consisted of pure silicone for
structural support.

Briefly, the fabrication of the artificial skin began with
precise weighing of uncrosslinked silicone using an analyti-
cal balance and distributing it into plastic beakers. Additives
were prepared separately: colorants were added directly
to silicone, BN or NaHCO, were weighed into beakers and
then added to the non-crosslinked silicone (appropriate
layers), while MWCNT were first ground in an agate mortar
and subsequently ultrasonically homogenized with silicone
using Cole-Parmer Ultrasonic Processor, amplitude 40—60
for 10 min total to prevent agglomeration. After homogeniza-
tion, curing agent was added to each formulation in a ratio
of 100:3 (silicone:curing agents) and mixed mechanically
using mechanical stirrer CAT R100C, 900 rpm, for about
7 min, followed by casting the mixtures onto glass or Petri
dishes to obtain uniform thin or thick layers depending on
the additive. The samples were cured in a vacuum oven at
60 °C for 30 min and then left at room conditions overnight
to complete crosslinking. Finally, layers were assembled
using additional silicone as an adhesive interface. Surface
preparation included controlled scoring to enhance interlayer
adhesion. The assembly process was designed to prevent
delamination while maintaining individual layer functionality.
The complete artificial skin construct was evaluated for total
thickness, layer integrity, and overall mechanical properties.
Individual layer characterization included mechanical test-
ing, surface analysis, and functional assessment relevant
to each layer's intended purpose.

FIG. 4. Fabricated skin substitute layers: A — before
bonding, B — after bonding.

Results and Discussions

Characterization of the obtained material started with
thickness measurements of the formed layers (FIG. 5.).
Thickness measurements were performed using a microm-
eter caliper (measurement range: 0—25 mm, resolution:
0.01 mm). For pure silicone, measurements were taken for
both thinner and thicker variants, resulting in a total of five
analysed layers. Each layer was measured at ten different
points across its surface to ensure accuracy and repro-
ducibility. The thickness measurement analysis revealed
significant variations depending on layer composition. The
highest result variability was observed for the layer contain-
ing 25% NaHCO;, while the addition of porogen to pure
silicone increased layer thickness. Particularly interest-
ing behavior was noted for layers with 20% BN and 2.5%
MWCNT, which, despite identical spreading thickness as
the reference silicone, showed substantial final thickness
reductions of 40% and 19%, respectively. This may be at-
tributed to the interaction between fillers and silicone matrix
during curing, where BN and MWCNT particles can influence
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polymer chain mobility and crosslinking density, or to vol-
ume changes during thermal processing, as observed in a
similar BN/silicone composite [16], [17], [18]. The assembled
artificial skin achieved a total thickness of 6.51 mm, falling
within the natural skin thickness range of 5-15 mm reported
in literature [19], [20]. Individual layer thicknesses were:
surface layer (1.74 mm), thermal layer (0.88 mm), sensing
layer (1.19 mm), and base layer (1.47 mm), with additional
interface material (1.23 mm). The one-way ANOVA revealed
highly significant differences between layer thicknesses
(F =95.112, p < 0.001). Post-hoc analysis with Bonferroni
correction showed that the surface layer containing 25%
NaHCO; was significantly thicker than all other layers, while
the thermal layer with 20% BN was significantly thinner. Only
the comparison between sensing and interface layers was
not statistically significant (p = 0.593).
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FIG. 5. The thickness measurement results of each
layer.

Microscopic observations of the microstructure of the fab-
ricated layers were performed using a Keyence VHX-5000
digital microscope. The automatic shutter speed adjust-
ment mode was applied to obtain optimal image brightness.
Microscopic analysis shown in FIG 6. and 7. confirmed
successful layer integration without delamination. Surface
examination of the side revealed distinct morphological
characteristics across different formulations. Pure silicon
layers exhibited isolated shallow surface pores, while lay-
ers containing 20% BN demonstrated uniform surfaces
with minimal contamination. The 25% NaHCO, formulation
showed irregularly distributed pores of varying diameters
on the surface. Layers with 2.5% MWCNT displayed darker
points and exhibited a color change from dark blue to gray
despite the absence of dye. In contrast, dyed layers main-
tained a light green coloration, with BN-containing samples
showing a brighter green shade. Cross-sectional analysis
revealed porosity in all layer types, with 25% NaHCO, sam-
ples exhibiting the highest pore volume. Notably, MWCNT-
containing layers showed increased porosity compared to
pure silicon despite lacking a porogen. Adhesion proper-
ties, influenced by the casting method (silicon poured onto
glass), varied significantly: pure silicon separated cleanly
from glass surfaces, while 20% BN and 2.5% MWCNT
layers demonstrated adhesion difficulties, evidenced by
surface microstructural damage during removal. The 25%
NaHCO, formulation, despite developing porosity at the
glass interface, separated successfully due to the applica-
tion of silicone.

FIG. 6. Microscopic images: A — pure silicone,
B - silicone with 25% NaHCO,, C - silicone with
20% BN, D - silicone with 2.5% MWCNT.

FIG. 7. Microscopic images: A, E — pure silicone,
B, F —silicone with 25% NaHCO,, C, G — silicone with
20% BN, D, H - silicone with 2.5% MWCNT.

Surface roughness is defined as the presence of optical
or mechanical irregularities with small spatial separations on
a material’s surface. Surface topography of the fabricated
layers was analysed on both sides using a Hommel Tester
T1000 (HOMMELWERKE) static profilometer with Turbo Da-
tawin-NT 1.45 software. Cross-sectional examination shown
in FIG 8. revealed distinct layer boundaries while maintaining
structural continuity. Pure silicon exhibited low roughness
parameters on both glass-adjacent and air-exposed sur-
faces, with Ra values of 0.2 ym, Rz of 1.7 ym, and Rt of 3 ym
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FIG. 8. Profilometry parameters for fabricated layers with standard deviation: A — Ra parameter, B — Rz parameter,

C - Rt parameter.

on both sides. Following additive incorporation, all layers
maintained Ra values below 1 um, except for 25% NaHCO,
and 2.5% MWCNT layers on the glass-side surface, which
showed increased parameters. The 20% BN additive had
minimal impact on surface roughness compared to other
additives, though the glass-adjacent surface showed more
individual elevations with higher peak values (Rt parameter).
The 2.5% MWCNT formulation demonstrated significant
roughness changes on the glass-side surface, with Ra and
Rz parameters reaching twice the values of pure silicon
and exhibiting large standard deviations, indicating highly
irregular surfaces. The most pronounced changes occurred
in the 25% NaHCO; layer, which showed the highest pa-
rameter variations across all three measurements, with Rt
values exceeding pure silicon by over 80 um. This formu-
lation achieved the greatest surface roughness among all
tested layers, with the highest standard deviation on the
air-exposed surface, though the roughness profile did not
resemble human skin characteristics due to insufficient Ra
and Rz values [21]. All three roughness parameters (Ra, Rz,
Rt) showed highly significant differences between materials.
The Ra parameter analysis (F =40.833, p <0.001) revealed
that 25% NaHCO, produced the highest surface roughness,
significantly different from all other materials except for the
non-significant comparison between 20% BN and 2.5%
MWCNT (p = 0.124). The Rt parameter showed the most
dramatic differences (F = 267.186, p < 0.001), with 25%
NaHCO, exhibiting values exceeding 80 pm, substantially
higher than other materials.

A surface wettability study was subsequently conducted.
Contact angle measurements were performed at room tem-
perature using a DSA 10 Mk2 goniometer (Kriss). The
measurements were acquired with the instrument’s dedi-
cated DSA software at a magnification of x20. For each of

the four fabricated layers, ten droplet measurements were
< carried out. All four tested layers exhibited hydrophobic
surface characteristics. Following the addition of additives,
the hydrophobic character decreased, however the materials
remained hydrophobic. The pure silicone layer showed a
x contact angle of 111.3°. With the addition of 25% NaHCO,
pore-forming agent, the angle decreased by 0.89%. This
layer displayed a large standard deviation, indicating the
influence of pores on contact angle measurements. The
Z addition of 20% BN reduced the contact angle by 4.13%
— compared to pure silicone. 2.5% MWCNT decreased the

angle by 4.58%, achieving the lowest contact angle value.
Similar to the 25% NaHCO3 layer, the 2.5% MWCNT layer
showed large standard deviation, indicating significant re-
sult scatter. The analysis revealed significant differences
between materials (F = 6.059, p = 0.002). Pure silicone
showed significantly higher contact angles compared to
both 20% BN and 2.5% MWCNT additives (p < 0.001 for
both comparisons), indicating that these additives effectively
reduced the hydrophobic character of the silicone matrix. The
comparison between 25% NaHCO, and pure silicone was
not statistically significant despite the 0.89% reduction. The
results are presented in FIG. 9. The contact angle values
were higher than those of skin. Under normal conditions,
skin exhibits hydrophilic character with contact angles rang-
ing from 50-70°. Skin can achieve contact angle values of
120°, exceeding the obtained results for the tested layers,
but only after thorough cleaning and washing with soap [22].
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FIG. 9. Contact angle measurements: A — results
for individual layers with standard deviation and
percentage variation, B — droplet from pure silico-
ne measurement, C — silicone with 25% NaHCO,,
D - silicone with 20% BN, E — silicone with 2.5%
MWCNT.
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Conclusions

This study successfully demonstrated the feasibility of cre-
ating a multilayered artificial skin system using functional-
ized silicone composites. The biomimetic design approach
effectively addressed the primary functional requirements
of prosthetic skin applications: surface texture for tactile
interaction, thermal management for comfort, pressure
sensing capability, and structural support. The developed
artificial skin construct represents a significant step toward
comprehensive skin replacement systems for prosthetic ap-
plications. The modular design approach enables optimiza-
tion of individual layer properties while maintaining overall
system integration. Future work should focus on electronic
integration, long-term durability assessment, and clinical
validation for prosthetic applications. The results provide
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