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Abstract: Human skin exhibits highly varying mechanical properties, thickness, hardness, and
anisotropy by virtue of changing fiber distributions and orientations, across different body locations.
To date, only a few studies have computationally simulated skin anisotropy and no experimental
study on synthetic skin exists which can mimic the accurate biomechanical properties of the skin. In
this work, unique anisotropic synthetic skin samples were created using an elastic composite-based
structure. Both single and multi-layer synthetic skin were fabricated with consistent fiber density
and fiber dimensions and varying fiber angles to generate over 100 compositions. The compositions
implied stress versus stretch responses in mechanical biaxial testing were compared to those of
the skin of a person. Hyperelastic constitutive models were used to characterize the non-uniform
test results. The created anisotropic synthetic skin must be essential for reliable Biomechanical
investigation of skin free from ethical concerns, undertaking medical training and researching skin
pathophysiology and injuries.

Keywords: synthetic skin; biaxial testing; anisotropy; hyperlasticity; composite

1. Introduction

Soft tissues that are anisotropic and heterogeneous include muscles, tissues, organs
(such as the brain), and the skin [1–3]. These types of tissues exhibit anisotropy in all
three dimensions, specifically directional anisotropy [3,4]. Variations in the composition
of collagen fibres in tissues are considered to be the fundamental contributor to material
anisotropy [5]. Histological examinations were utilized in the past for the purpose of
researching the arrangement of collagen fibers in different tissues [5,6]. To date, only a
few attempts have been made within the published research [6–11] to incorporate tissue or
soft material anisotropy into computer and experimental models. In order to approximate
a major fiber path, the most common method has been to separate the tissues into areas
(i.e., each area marked with a unique fiber orientation) and then estimate the average
path [6,12]. Allocating a stiffer or harder material property to a major fiber orientation
can be conducted through a variety of passive excitation techniques [13–15]. Researchers
studying traumatic brain injury (TBI) have lately adopted methods for simulating tissues
with anisotropic materials in order to enhance the biofidelity and accuracy of numerical
simulations [1,16]. Researchers have also focused on white matter in the brain from a
tissue anisotropy standpoint due to the coherent orientation of fibers [16–19]. Recently,
Singh et al. [12] developed an artificial skin with different hardness levels. A polymeric
material with isotropic properties was utilized to create various synthetic skin compositions
and aimed at mimicking the approximate mechanical characteristics of anisotropic human
skin found in different areas of the body.

Anisotropy and orthotropy have been measured through experiments in a variability
of soft material or tissues, involving the skin, pelvis, and brain [16,20,21]. Porcine skin
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has also been subjected to tensile testing till rupture to determine the susceptibility of skin
resistance and fracture-associated parameters to directional changes [22,23]. Its elastic
modulus and fracture strength were found to change dramatically depending on the
orientation of the tissue [22]. Differences in collagen composition and structure may also
contribute to the age-related sensitivity of skin’s biomechanical properties [23,24]. It has
been also observed that tendons’ elasticity and fracture strength may be influenced by
age-related variations in the fraction of collagen fibril cross-sectional area [25,26].

Over a wide range of strain rates, Gupta et al. [27] studied oval-shaped isotropic
synthetic skin grafts and analyzed the uniaxial tensile characteristics of human skin and
an isotropic synthetic skin. The mechanical response of these composite samples were
remarkably matching that of human skin at a test rate of 0.4 mm/s. A similar study on
the isotropic synthetic skin was conducted at the same strain rate [12,27–29]. In order to
manufacture and evaluate synthetic skin a strain rate of roughly 0.8 mm/s, Arm et al. [30]
used Polydimethylsiloxane (PDMS) type elastomeric composites inhibiting increasing
extents of weak polyester fibers. The resulting stress-to-strain curves looked a lot like
those of skin made of parallel fibers. The mechanical characterization of the synthetic
skin could not be reliably studied because of the non-uniform angles of the fibers in the
simulant. An isotropic silicone-based polymer was created and tested for use in 3D printing
by Hossain and Liao et al. [31]. Under repeated strain, the stress vs. strain results looked
like skin with fibers in the parallel direction. However, the anisotropy properties of skin
were not accounted for in this material modelling. Zhang et al. [32] created nanofibers
using elastomeric material and it was tested mechanically at a strain rate of 0.08 mm/s.
Despite the fact that anisotropy effect was seen with the nanofiber constructions, it was
possible to thoroughly alter the fiber angle variation to learn how it affected the mechanical
properties of the model. The current state of skin tissue engineering was examined by
MacNeil [33]. Although a variety of skin substitutes were described, their parameters and
non-isotropic effect were not elaborated upon biomechanically. Recent research attempted
to create a non-isotropic tissue model by bulk-arranging the composites fibers. Researchers
looked at how the simulants’ mechanical reaction changed as a function of bulk fiber
density [34]. The impact of specific fibers, spacings, and orientations was barely examined.
To successfully replicate skin, additional research into modelling the influence of structural
features (i.e., fiber orientations) is necessary.

To the present day, there have been only a few studies focusing on the development
of anisotropic synthetic skin, and none of them have been subjected to biaxial testing to
determine whether or not they can accurately imitate the mechanical properties of body
locations. As a part of this research, a material system consisting of soft composites was
constructed in order to model anisotropic skin types. Extensive research was conducted to
investigate how the orientation of the fibers and the number of layers affect the biomechan-
ical properties of the skin. To accurately define the synthetic skin, Mooney-Rivlin and Yeoh
hyperelastic material models were utilized in the characterization process. In the parts that
follow, we will go through the many approaches that were used during the manufacturing,
evaluation, and assessment of the unique anisotropic synthetic skin, as well as the most
important outcomes and conclusions that were reached as a result.

2. Materials and Methods

An elastic composite material was formulated, which mimics the anisotropic param-
eters of human skin, and will be used in realistic biomechanical testing. The mechanical
properties of this soft composite material were characterized in terms of its anisotropy,
elasticity, and strength to compare it with that of real human skin. Moreover, the nonlinear
mechanical characteristics of the composite material were modelled for use in computa-
tional simulations.
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2.1. Preparation of Matrix and Fiber Materials

To categorize anisotropic synthetic skin materials, ASTM D2240 standards and Shore
(Durometer) hardness scale was applied [35,36]. For the development of the matrix, a
two-part polymer with 15 A shore hardness of 1.1 g/cc density and exceptionally soft
silicone was used [37]. The PLA mold of fiber and matrix were created in SolidWorks
2020 (Dassault Systemes, Velizy-Villacoublay, France) and fabricated using a 3D-printing.
Figure 1 shows the schematic of molds with a 30◦ fiber orientation. For each test, five test
samples with the dimensions of 100 × 100 × 2 mm3 were created by pouring a mixture
of components A and B into the mold at a 1:1 ratio of polymeric material. The soft fibers
were produced by curing a dual-phase polymeric material with a hardness of 30 A and
1.24 g/cc density in the same mold. The fiber was also put through other tests. Biaxial tests
were performed on both test samples, which represented the soft fibers and extremely soft
matrix, respectively to understand the effect of orientation. The findings of five matrices
and five fibers subjected to biaxial tension are compared with those found in the literature
studies [27,38].
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Figure 1. A representative 3D printed mould with 30◦ fiber alignment.

2.2. Anisotropic Synthetic Skin Fabrication
2.2.1. Development of Single-Layer Synthetic Skin

Two separate molds were used to develop the single-layer of synthetic skin with
varying fiber angles. The process involved creating the fibers by pouring a polymer that
replicated the characteristics of fibers (specifically, one with a shore hardness of 30 A)
into a mold with slots capable of accommodating fibers with widths of up to 1 mm. The
mixture was left to cure for a duration of 90 min. A square hollowed mold with a little
higher surface and an interior thickness of 2 mm was used to hold the part after it had
been in the mold for an hour. The matrix indicative polymer (i.e., 15 A shore hardness)
was added to the curing combination, which was then permitted 45 min to dry. Whenever
the final batch of soft-composite combination was removed from the second mold, the
matrix-relevant polymer was poured into it and allowed to cure. In order to imitate every
potential orientation of the skin’s fibers, five distinct skin apparition specimens were made.
Each specimen was made with fibers that varied in dimension, was positioned 1 mm
separated, and had a surface of 1 mm by 1 mm. They all had identical measurements of
100 × 100 × 2 mm3. The varying fiber lengths were brought on by the diverse orientations.
Total fiber lengths were 100 mm in the specimens at 0◦, but 141.4 mm in the specimens at
45◦. The specimens with any of the other available alignments (15◦, 30◦, 60◦, or 75◦) had
estimated fiber lengths that varied from 2.5 mm to 141.4 mm. To keep the fiber volume
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percentage roughly constant for all of the varied alignments of the test specimens, a specific
fiber spacing and dimension were chosen (Equation (1)). The outcomes of the 0◦ synthetic
skin will be identical to those of the 90◦ synthetic skin due to the biaxial investigation, it is
vital to note. Similarly, the results for 15◦ and 75◦ and 30◦ and 60◦ were also consistent for
this testing (Figure 2). Table 1 shows the fiber and matrix volume fractions of the synthetic
skin with varying orientations.

Fiber volume fraction (FVF) =
Area covered by fiber

Area covered by fiber + Area covered by matrix
(1)
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Table 1. Fiber and matrix volume fraction of each synthetic skin.

Design Matrix Volume (mm3) Fiber Volume (mm3) Fiber Volume Fraction Matrix Volume Fraction

0/90◦ 15,180 4820 0.243 0.757

15/75◦ 14,776 5224 0.261 0.739

30/60◦ 15,392 4608 0.234 0.766

45◦ 15,392 4608 0.234 0.766
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2.2.2. Development of Multi-Layer Synthetic Skin

The two-layer skin apparition that was made has external measurements of 100 mm ×
100 mm × 3.5 mm. The synthetic skin with layer-wise fiber orientations was also different.
Fibers through a consistent area of 1 mm × 1 mm that were stacked twice and divided
by a 0.5 mm matrix between the head and base were used to construct the synthetic skin.
Three parts of 3D-printed castings were used to create this synthetic skin. Two of these
molds had fiber channels that were orientated at different angles, while the third was flat
and ordered so that the synthetic skin could be put together layer by layer. The foundation
for the bottom-up technique utilized to prepare the subsequent layers was a matrix that
was 0.5 mm thicker. In the following steps, single-layer synthetic skin of the first alignment
with a thickness of 1 mm, a matrix that was 0.5 mm thicker, single-layer synthetic skin of
the second alignment with 1 mm thickness, and a matrix that was 0.5 mm thicker were
all added. It is significant to notice the solidifying phase was controlled to ensure that the
matrix was distributed evenly throughout the whole construction and that all of the layers
had strong links. Figure 3 displays the schematic representation of synthetic skin with
two-layers.
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different directions.

2.3. Method Parameters and Testing Setup

In this work, ASTM standards (ASTM 3787) were used to perform the tensile testing of
polymeric material-based compositions were used to analyze the effect of fiber orientations
using biaxial testing similar to previous studies [39,40]. Figure 4 displays a design of
the biaxial measuring device together with a 40 kg load cell and a gripping mechanism
(clamp) that holds onto the 3D-printed component. In order to hold the specimen firmly,
a 3D-printed gripper was used. Strong friction and a stable attachment of the sample are
made possible by the large number of teeth that are present. To ensure that the sample
would be held securely without being harmed, nuts and bolts were attached jointly in the
gripper’s cantilever arm. According to the soft tissue, the test sample, and other factors,
the minimal amount of gripping power required to firmly attach the sample was varied.
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An anisotropic synthetic skin biaxial tester was employed for the testing of the sample. The
specimen was safely connected among all four biaxial tester clamps. Two loadcells were
used to compute the force value data, which was measured by being fastened to the model
samples. Equations (2) and (3) were used to determine the amount of stress (σ) and strain
(ε), respectively.

Stress (σ) =
Equivelent Force (F)

Cross− section area (A)
, (2)

Strain (ε) =
Change in length (dL)

Initial length (L)
(3)
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A constant displacement rate of 0.4 mm/s was applied to each sample while it was
clamped and examined [41]. During the process of analyzing the samples, there were a
number of considerations that were taken into consideration. We tested both the repro-
ducibility and repeatability of the data from the biaxial tensile experiments. The data
show that the force was calculated in newtons (N) and the extension was measured in
millimeters (mm). Tables in Microsoft Excel were used to compile the data, which was
presented as a comparison of force to elongation. For the purposes of this investigation,
the maximum allowable stretch limit was established at 1.5. (i.e., the strain of 0.5). For
the postprocessing of the raw data values, a well-defined technique was followed, which
comprised four important phases. First, the areas of a plot that showed negative load
values (which might have been caused by the loss in the sample at the beginning of the
test) and any values that had a strain that was more than 0.5 were eliminated. Second,
any graphs that continued past the yield point were eliminated from our analysis since
we deemed them to be unrelated to our investigation. The plots were then calibrated, and
if necessary, they were reset to the beginning. In the third stage, the strain readings were
determined by dividing the stretch values by the initial length. In a similar manner, the
equivalent stress values were calculated by dividing the force data values by the sample
area. This was conducted in order to acquire values. In the fourth step of the process, the
values of the stress values and strain values for each sample were derived from the testing
of five other samples that were quite comparable.



Fibers 2023, 11, 55 7 of 13

2.4. Anisotropic Material Characterization

The stress–strain characteristics of soft tissue and polymer-based materials are nonlin-
ear. It has been noted that the matrix experiences less stress than the fibers. The non-uniform
mechanical characteristics of the synthetic skin can be explained using hyperelastic fun-
damental models. All of the constant coefficients in this work are determined using the
Yeoh and Mooney-Rivlin hyperelastic curve fit models (c1, c2, and c3). The strain energy
density (Ψ) formula, which depends on the type of material, is how non-linear hyperelastic
curves operate. In the hyperelastic framework, the Ψ is influenced by the invariants of the
Cauchy–Green tensor (I1, I2, and I3) or the principal stretches (λ1, λ2, and λ3), which are
also functions of the principal stretches. This relationship is depicted in Equations (4)–(8).

Ψisotropic = Ψ(I1, I2, I3) (4)

λ = 1 + ε (5)

I1 = ∑3
i=1 λ2

i (6)

I2 = ∑3
i,j=1 λ2

i λ2
j i 6= j (7)

I3 = ∏3
i=1 λ2

i (8)

Recent work has been conducted to expect the mechanical characteristic of tissues
such as skin using the different hyperelastic models [7,27]. In Equations displayed (9)–(13),
the Ψ and stress relationship between the hyperelastic model.

ΨYeoh = c1(I1 − 3)1 + c2(I1 − 3)2 + c3(I1 − 3)3 (9)

ΨMooney−Rivlin = c1(I1 − 3) + c2(I2 − 3) (10)

σ1 = λ1
∂Ψ
∂λ1
− λ3

∂Ψ
∂λ3

(11)

σYeoh = 2(λ2 − 1
λ
)(c1 + 2c2(I1 − 3) + 3c3(I1 − 3)2) (12)

σMooney−Rivlin = 2(λ2 − 1
λ
)(c1 + c2

1
λ
) (13)

3. Results and Discussion

The aim of this research is to make a significant contribution to the advancement of a
composite material that faithfully reproduces the anisotropic characteristics exhibited by
human skin. This is the first biaxial study on anisotropic synthetic skin performed to calcu-
late the results of biomimetic materials accurately. For one layer of synthetic skin, the length,
width, and thickness were 100 mm× 100 mm× 2 mm, respectively. For two-layer synthetic
skin, the length, width, and thickness were 100 mm × 100 mm × 3.5 mm, respectively.

3.1. Stress Analysis of Single-Layer Synthetic Skin

The stress vs. strain characteristics of synthetic skin, consisting of fibers and a matrix,
with orientations of 0/90◦, 15/75◦, 30/60◦, and 45◦, are presented in Figure 5. To ensure
accuracy, each sample underwent five separate examinations. The measurement of each
angle was qualified to the direction of the applied force during biaxial loading. The
matrix properties were found to be less stiff compared to the properties of the fibers.
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Furthermore, the synthetic skin composition exhibited lower stiffness compared to the
fibers tested individually. The maximum stress values of differently oriented synthetic skin
compositions were in between that of the matrix (0.1 MPa) and the fiber (0.4 MPa) materials
tested individually. Among the three orientations, the synthetic skin oriented at 30◦ was
recorded to be the softest, with a maximum stress value of 0.13 MPa.
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single-layer synthetic skin variants with different fiber orientations.

Some of these findings are similar to the observations in conventional polymeric
composite tests. For example, the arrangement with all fibers aligned parallel to the loading
axis exhibited the highest level of stiffness. However, this stiffness decreased as the angle of
the fibers increased. In literature, Chanda et al. [42] fabricated a synthetic skin to model skin
wounding and compare it with human skin. The characteristic was performed to estimate
the stress–strain responses and wound progression. The stress–strain profile of this isotropic
synthetic skin was within the range of properties recorded for the anisotropic synthetic
skin compositions developed in the current study. In another study, Chanda et al. [43]
conducted an experiment utilizing an isotropic synthetic skin to investigate the impact of
injury and suturing, while comparing the properties to that of human skin. In their study,
different wounds were created on the polymeric material, and sutures were applied to close
the wound. The stress–strain responses were within the range of measurements observed
in the current study and the maximum stress values recorded were approximately 0.5 MPa,
which closely resembled the properties exhibited by human skin. Recently, Gupta et al. [27]
conducted a study where they fabricated synthetic skin grafts using biofidelic materials
and examined their mechanical properties in comparison with human skin [27,42,43]. The
stress–strain responses and maximum stress values recorded were in line with the results
of the current work.

3.2. Stress Analysis of Two-Layer Synthetic Skin

Figure 6 illustrates the two-layer synthetic skin with varied mechanical properties.
The 0–0◦ oriented synthetic skin showed the maximum. However, the stiffness of the
0–15◦, 0–30◦, 0–45◦, 0–60◦, 0–75◦, and 0–90◦ angles decreased with increasing angle. With
a first layer orientation of 15◦, the range of 15◦ to 60◦ produced exceptionally soft mate-
rials. Other synthetic skin showed stiffness between 0–0◦ and 15–60◦. In the literature,
Annaidh et al. [44] conducted a study on the mechanical properties of human skin, per-
forming mechanical tests on various regions of the skin under different strain rates. They
conclude that each part of the body location shows a different stiffness and the maximum
stress observed by that skin region called ultimate tensile strength (UTS). Each synthetic
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skin should be further investigated to identify the body location. Singh et al. [12] designed
the isotropic synthetic skin with varying the shore hardness based on the body location and
studied the mechanical characterization of synthetic skin. From their analysis, the higher
shore hardness synthetic skin shows the highest stress values. Overall, all the multi-layer
synthetic skin shows slightly different stress distributions due to the orientation of fibers.
Further analysis will be useful to develop accurate synthetic skin, including longer lines.
Table 2 shows the stress values of the two-layer synthetic skin.
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Table 2. Stress analysis of two-layer synthetic skin variants.

Composition

Stress Values in MPa

At 0.1
mm/mm

Strain

At 0.2
mm/mm

Strain

At 0.3
mm/mm

Strain

At 0.4
mm/mm

Strain

At 0.5
mm/mm

Strain

0–0◦ 0.009 0.029 0.067 0.137 0.262

0–15◦ 0.010 0.028 0.060 0.114 0.204

0–30◦ 0.008 0.024 0.051 0.098 0.174

0–45◦ 0.008 0.024 0.052 0.099 0.177

0–60◦ 0.010 0.029 0.063 0.120 0.215

0–75◦ 0.011 0.031 0.067 0.128 0.229

0–90◦ 0.010 0.029 0.062 0.118 0.211

15–15◦ 0.010 0.028 0.061 0.116 0.208

15–30◦ 0.010 0.029 0.063 0.119 0.213

15–45◦ 0.009 0.027 0.057 0.109 0.195

15–60◦ 0.008 0.023 0.050 0.096 0.172

15–75◦ 0.010 0.030 0.064 0.122 0.219

30–45◦ 0.010 0.028 0.060 0.114 0.204

30–60◦ 0.009 0.027 0.058 0.110 0.197

3.3. Hyperelastic Modelling of Synthetic Skin

Equations (12) and (13), which represent the Yeoh hyperelastic and Mooney–Rivlin
hyperelastic material modeling, which was used to curve-fit average stress versus stretch
graphs for different combinations of single-layer and multi-layer tested synthetic skin. This
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was conducted in order to determine the relationship between stress and stretch (Table 3).
The Yeoh model was dependent on three curve fit parameters (c1, c2 and c3). Mooney–Rivlin
model used two curve-fitting parameters (c1, c2). All of the reported Mooney-Rivlin model
curve fits had R2 values greater than 0.95. In the case of the Yeoh model, the curve-fitting
was, on average, less accurate (that is, R2 was less than 0.95). Overall, all the synthetic skin
shows different curve fit coefficients with high co-relation. Further, these results could be
used to develop a realistic anisotropic skin model computationally.

Table 3. Hyperelastic curve fit coefficients for synthetic skin, matrix, and fiber.

Synthetic Skin
Mooney-Rivlin Model Yeoh

c1 (MPa) c2 (MPa) c1 (MPa) c2 (MPa) c3 (MPa)

Matrix 0.02525 0.00010 0.00806 0.01825 0.00474

Fiber 0.09531 0.00010 0.03044 0.06891 0.01788

0◦ 0.06106 0.00010 0.0195 0.04415 0.01145

15◦ 0.04603 0.00010 0.0147 0.03328 0.00863

30◦ 0.03199 0.00010 0.01022 0.02313 0.00600

45◦ 0.03447 0.00010 0.01101 0.02492 0.00647

0–0◦ 0.06971 0.00010 0.01612 0.06174 0.00586

0–15◦ 0.03343 0.05307 0.01518 0.03436 0.00891

0–30◦ 0.0665 0.00010 0.01518 0.03436 0.00892

0–45◦ 0.05841 0.01731 0.01587 0.03592 0.00932

0–60◦ 0.0527 0.00561 0.01297 0.02936 0.00762

0–75◦ 0.02476 0.04198 0.01277 0.0289 0.0075

0–90◦ 0.06186 0.01427 0.01571 0.03557 0.00923

15–15◦ 0.00010 0.11194 0.01598 0.03617 0.00938

15–30◦ 0.06663 0.00133 0.01548 0.03503 0.00909

15–45◦ 4.2 × 10−6 0.10614 0.01627 0.03683 0.00956

15–60◦ 0.00010 0.12614 0.01706 0.03862 0.01002

15–75◦ 0.00010 0.09844 0.01468 0.03322 0.00862

30–45◦ 0.05667 0.00010 0.01318 0.02983 0.00774

30–60◦ 0.08760 0.00713 0.02104 0.04761 0.01235

Overall, this research was able to lead to the advance of a novel biofidelic material
system that accurately replicates the properties of the human skin, allowing for improved
biomechanical testing and paving the way for advancements in skin research. To date, no
such experimental models exist, which can replicate the uniaxial and biaxial properties of
the human skin accurately, without any ethical or biosafety issues.

4. Conclusions

In this work, we tried to make a soft composite-based synthetic skin that acts like skin
and has the same anisotropic properties. With the help of additive manufacturing, the
novel polymeric material composition was made to make soft fibers and a softer matrix
material. The single-layer and multi-layer synthetic skin were developed with different
possible orientations. The first type of synthetic skin was a single-layer with different
directions of fibers. The second set of skin-like materials consisted of two-layers with fibers
arranged at various angles and orientations. In order to concentrate on the impact of fiber
orientation, we kept the fiber volume percentage and the spacing across fibers constant.
New findings were made that exhibit some similarities to traditional polymer composites
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while also having a number of distinctive differences. First, the synthetic skin showed
a slight association between fiber angle and stiffness. The synthetic skin was more rigid
for fiber angles greater than 0◦. For the two-layer synthetic skin, a lowering of material
inflexibility was seen when the fiber angle of 0◦ was used in one of the layers. This resulted
from a change in the fiber layer orientation. It was discovered that a fiber orientation
of 15◦ in one layer did not generate much of a difference in the stiffness of the material
across any fiber layer orientation. It was discovered that a fiber orientation of 30◦ in a
single-layer causes an increase in the stiffness of the material caused by a raise in the fiber
angle in the second layer. The strength for various fiber orientations in the second layer did
not follow any specific trend when a fiber angle of 45◦ or higher existed in the first layer.
Finally, the mechanical characteristics of the synthetic skin were described with isotropic
and anisotropic hyperelastic models, and it was evaluated that they mimic mechanical
properties that fall between the range of skin’s upper and lower bounds, as reported in
the research. The key novelty of this research is the advancement of an experimental
investigation of synthetic skin, which can replicate its realistic anisotropic mechanical
properties. Such a synthetic anisotropic skin model, with no ethical or biosafety issues,
is not available as a part of any previous literature to the best of our knowledge. Both
uniaxial and biaxial tests can be conducted with this novel material. Other applications of
this model include surgical training and robotic suture planning.

It is noteworthy that the present work does have a few limitations. The fiber diameters
of actual tissues are far smaller than those employed in manufacturing synthetic skin. The
most accurate simulation of the material characterization of fibers found in natural tissues
was achieved through the utilization of additive manufacturing methods concerning fiber
volume fraction. These factors led to the selection of the most optimal dimensions of the
fibers for this research, which precisely models the characteristics of fibers found in natural
tissues. In order to make accurate comparisons between the study findings and previous
research, the dermal layer of skin was the only one that was examined. Throughout all of
the experiments, a constant biaxial strain rate was applied. In the future, an attempt will
be made to design fiber dimensions that are more realistic and other skin layers will also
be taken into consideration. Additionally, developed synthetic skin will be subjected to a
variety of strain rates during testing in order to better characterize their properties.

Overall, it is envisaged that the newly discovered anisotropic synthetic skin will be of
tremendous use for precise surgical training, biomechanical testing, and the assessment of
dermal therapies.
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