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Abstract: Split-thickness skin grafting is a well-known procedure for the treatment of small- and
medium-sized burns. However, its effectiveness has been reported to be limited in the case of large
and severe burns due to much lower real expansion offered by the grafts than the claimed expansion
by graft mesh manufacturers. Recent computational studies have indicated that the collagen fiber
orientation within the skin layers have a significant effect on the skin graft expansion. In this study,
biofidelic anisotropic synthetic skin with one and two layers and all possible fiber orientations were
developed, and incision patterns used in traditional graft meshing techniques were projected to
fabricate novel synthetic skin grafts with a theoretical meshing ratio of 3:1. A biaxial tensile testing
device was designed to simulate skin graft stretching in clinical settings, and a wide range of synthetic
skin graft variants were mechanically tested. The measured quantities included induced nonlinear
stress—strain, void area, and meshing ratio. In addition, the stress—strain responses were characterized
using nonlinear hyperelastic models. The key observations include the generation of higher induced
stresses in two-layer grafts. In the one-layer graft models, a 15° fiber orientation produced the highest
expansion at a minimal stress value of 0.21 MPa. In the two-layer graft models, the 45°-15° fiber
orientation generated the maximum expansion with minimum stress. A range of such findings were
analyzed to determine the graft orientations that may allow enhanced expansion without generating
much stress. This information would be indispensable not only for understanding the expansion
potential of skin grafts, but also for further research and the development of skin grafts with enhanced
expansion for severe burn injury treatment.

Keywords: skin; anisotropy; graft; burns; hyperelastic

1. Introduction

Skin grafting is widely used as a standard surgical method for reconstructing soft
tissues [1-3]. In the case of extensive defects or restricted donor site availability, such as in
the case of severe burns, skin grafts may be stretched beyond their initial geometry [1-4].
Consequently, a smaller graft may be applied to repair larger damage [5]. Tissue expansion
and skin graft meshing are the two methods generally performed for skin enlargement [6].
The first procedure involves overstretching the skin through gradual mechanical distention,
typically in the form of a surgically implanted, gradually expanding silicone implant placed
under the skin [7,8]. This process is gradual and typically takes several weeks, but it allows
the expansion of skin without a significant reduction in its thickness [9,10]. In the second
procedure, meshing requires the insertion of a pattern of several uniform short parallel
incisions into a sheet of graft, typically using a specific roller instrument [11]. The incisions
open when perpendicular stretching is applied, producing a regular concertina pattern [2].

Mesh grafts are a type of skin graft in which the skin is expanded by cutting it into a
mesh-like pattern [12]. The meshing technique is used to increase the surface area of the
skin graft, allowing it to cover larger wounds [12,13]. An autologous skin graft is a surgical
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procedure that involves taking a piece of skin from one part of a person’s body (the donor
site) and transplanting it to another area of the same person’s body (the recipient site) to
cover a wound or injury [14,15]. The advantage of using a person’s own skin for grafting
is that the risk of rejection is very low, since the body recognizes the transplanted tissue
as its own. In the literature, autologous skin grafting is described as the optimal method
of treating extensive and deep burns [16,17]. However, when the vascularization of the
wound is not sufficient to accept a free split-thickness skin transplant, allogeneic skin grafts
are an excellent choice for wound healing [18]. The MEEK technique was an earlier method
used to increase the surface area of skin grafts, which involved cutting the graft into small
squares and reassembling them to create a mesh-like pattern [19]. However, this technique
has been largely replaced by the faster and simpler mesh technique, which involves using
a specialized tool to create the mesh pattern in the skin graft. The MEEK technique had
several drawbacks. The process was time-consuming and required specialized equipment
and skilled surgeons to perform. Additionally, the small squares of skin were difficult to
handle and could result in a graft that was less aesthetically pleasing than those produced
by other skin grafting techniques [19-21].

In 1964, Tanner et al. introduced the technique of meshed skin grafting [22]. Time
and ingenuity have permitted improvements and refinements to the procedure; different
expansion ratios can be obtained by utilizing longer incisions, and the technique has become
more convenient as a result of technologies such as electrical devices. The meshing ratio is
one of the key measures of skin graft expansion, expressed as the ratio of the area expansion
of the skin and the initial area [1,2,23]. Theoretical meshing ratiosof 1to1,2to1,and 3to 1
are commonly used to estimate skin graft expansion [22,24,25]. The selection of a suitable
skin graft mesher is of the utmost importance to generate high expansion [13,24,26,27].

Skin expanders, also known as tissue expanders, are medical devices that are used
to expand the skin and underlying tissue in order to prepare the area for reconstructive
surgery [28]. They are often used in cases where there is not enough healthy tissue to cover
a wound or in cases where the skin needs to be stretched to cover a larger area [29]. A
tissue expander is a silicone balloon that is inserted under the skin and gradually inflated
with a saline solution over a period of weeks or months [30,31]. As the balloon expands,
it stretches the skin and underlying tissue, causing new skin cells to grow and creating
excess skin that can be used for reconstruction. One type of reconstructive surgery that can
be performed using tissue expanders is called a rotatory flap. A rotatory flap is a surgical
procedure in which a section of skin is rotated from one area of the body to another to cover
a wound. In order to perform a rotatory flap, the skin in the area where the flap will be
rotated from needs to be stretched to allow for the movement of the skin [32,33].

The mesh skin graft expander (Padgett Instruments, Kansas City, MO, USA), made of
stainless-steel blades and roller, is coated with Teflon (non-reactive, nonstick surface). This
roller produces a honeycomb-like structure on the donor skin [22]. The Xpanderm (Linvatec
Corp., Largo, FL, USA) also transfers a honeycomb pattern onto the donor skin, allowing
expansion up to three times the initial size of the donor skin [6]. Roller meshing devices with
cutting blades at one side or a washing-machine wringer-type instrument are employed to
cut the graft at a specific length [34] with interrupted blades and flat derma carriers. One
of the earliest meshers (1964) employed a Tanner—Vandeput model, where the generated
graft mechanical properties after healing was complete were the same as the donor skin
properties measured before grafting [22]. The mesh-dermatome I (Zimmer Co., Dover, OH,
USA) skin graft mesher is one of the most popular skin grafting devices. The mechanical
characteristics of this device include the length of the cut (i.e., L = 0.3 inch), the length of the
gap between the cuts (i.e., g = 0.03 inch), the width between the blades (i.e., d = 0.05 inch),
the size of the roller (4 inches), and a 12-inch dermacarrier. The estimated theoretical
expansion was 2.35:1, and the maximum real expansion claimed was 3:1 [13,22]. The
Zimmer skin graft mesher (Zimmer Co. Dover, OH, USA) is another commonly used
mesher with integrated cutters suitable for expansion ratios of 1.5:1, 2:1, and 3:1, respectively.
The mechanical characteristics of this device are the length of cut (i.e., L = 0.18 to 0.3 inch),
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the length of the gap between the cuts (i.e., g = 0.03 inch), and the width between the blades
(i-e., d = 0.05 inch) [5,22].

Capek et al. [1] studied the influence of langer lines and orientation on skin grafting.
They observed that as the langer lines changed from perpendicular to parallel, the max-
imum meshing ratio decreased by 20%. Pripotnev et al. [35] conducted an experimental
study on 210 burn patients. In all the patients, a burn area of more than 20% of the total
body surface was considered. In their study, the authors utilized mesh and expandable
skin grafts to reconstruct larger wounds, and a maximum meshing ratio of 3 was consid-
ered to be the best choice to recover the burn area. Kan et al. [25] studied skin grafting
through experiments on 51 burn patients with different meshing ratios of 1.5:1, 3:1, and
6:1. They observed that none of the experimentally measured meshing ratios reached
the claimed meshing ratio, and the maximum meshing ratio value was 3.38 for 6:1 skin
grafts. Lyons et al. [36] investigated the difference in meshing ratios with different meshes.
They studied the expansion ratios of 1:1, 1.5:1, 2:1, 3:1, and 4:1, and compared them with
the clinically achieved meshing ratios. In their study, the 4:1 meshing device showed a
maximum difference of 28.3%, and none of the meshers achieved the claimed meshing
ratios, except one with a 1:1 ratio. Gupta et al. [2] studied the effect of the slit size and
spacing in the skin grafts using computational and experimental methods. The achieved
meshing ratios were reported to be much lower than the claimed meshing ratios. Hender-
son et al. [37] conducted a comprehensive comparison between the declared and actual
expansion ratios. While a significant difference (up to 46%) was observed, no specific
explanation was provided. Therefore, it is imperative to study skin graft properties and
expansion potential in detail [7,8]. Recently, Makode et al. [38] studied the anisotropy of
skin through the development of biofidelic synthetic skin.

The purpose of this work is to characterize the actual expansion offered by skin
grafts with different claimed meshing ratios (e.g., 1:3) through experiments on biofidelic
and anisotropic synthetic skin. This considers the previous literature reporting on low
expansion offered by traditional skin grafts. Specifically, the orientation of the Langar
lines induce anisotropy to the skin, leading to varying material properties observed across
body locations. To date, the effect of Langar line orientations on skin grafts” expansion
properties have not been studied either through experiments or computationally. The
current work attempts to understand the effect of all possible Langar line orientations on
skin graft expansion.

2. Materials and Methods

Synthetic skin, also known as artificial skin, refers to a material that mimics the proper-
ties of human skin [39]. The development of synthetic skin has been driven by the need for
skin replacement in various medical applications, including burn treatment, wound heal-
ing, and plastic surgery [39,40]. Synthetic skin can be classified into two main categories:
biological and non-biological. Biological synthetic skin is typically made from animal or
human donor tissues, which are processed to remove the cells and leave behind a collagen
scaffold that can support the growth of new cells [41,42]. Non-biological synthetic skin, on
the other hand, is made from synthetic materials, such as polymers, that are designed to
mimic the structure and properties of human skin [43]. One of the key challenges in de-
veloping synthetic skin is replicating the complex structure of human skin, which consists
of several layers with different functions. To date, several researchers have designed and
developed isotropic synthetic skin [44—46]. In this work, we have developed anisotropic
single- and multilayer synthetic skin for studying realistic expansion in skin grafts.

Figure 1 shows the schematic representation of the synthetic skin graft technology
development.

e  Material composition: A suitable material composition was selected for the matrix
and fibers to develop the anisotropic synthetic skin.
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e  Mold development: Different molds were designed for different fiber orientations
and for hosting the material compositions for the fiber and matrix. The designs were
printed using a high-definition 3D printer.

o  Fiber fabrication: The material for the fibers was first poured into the channels in the
mold, and then left to set for 30 min.

e  Matrix fabrication: The material for the matrix was poured on top of the partially set
fibers and filled the entire mold after 30 min, and was left to set for 8 h.

e  Sample removal: After 8 h, the fibers and matrix were integrated, and the synthetic
skin sample could be removed from the mold.

e  Synthetic skin graft development: Stencils or dies with a slit cut pattern as per the
meshing ratios (e.g., 1:3) were 3D printed and a cutting knife could be used to cut the
slits, or they could be cut directly using a 3D cutter.

e  Mechanical testing: Mechanical testing can be conducted on a biaxial testing device
at a strain rate of 24 mm/min, and can be compared to our test results or with the
literature to ensure consistent skin graft mimicking [38,47,48].

(1) Material
Composition

(7) Mechanical
Testing

(6) Synthetic Skin
Graft Development

(5) Sample
Removal

Figure 1. Schematic representation of synthetic skin graft technology development.

2.1. Design and Development of One-Layer Synthetic Skin

One-layer synthetic skin samples with various fiber orientations were created using
two different methods [38,49]. The first method involved pouring the fiber-mimicking
polymer (30 A shore hardness) into a mold with 1 mm wide openings for the fibers and
curing it for 90 min. After 1 h, the polymer was removed from the mold and placed upside
down in a hollow 2-mm-thick square mold. The 10 A shore hardness matrix polymer was
added to the cured mixture and cured for 15 min. Before removing the final soft-composite
mixture, the second mold was utilized for pouring and curing the matrix polymer (Figure 2).
The ASTM D2240 Shore (Durometer) hardness scale was used to classify the anisotropic
synthetic skin materials [50]. A two-part 10 A shore hardness silicone matrix was developed.
The PLA mold was designed in SolidWorks 2020 (Dassault Systemes, Vélizy-Villacoublay,
France) and printed on a 3D-Creality Ender 3 (Shenzhen, China). Figure 2 displays the fiber-
oriented molds. Five synthetic skin samples were fabricated to test each fiber orientation.
Every sample was 100 mm x 100 mm x 2 mm, with 1 mm fiber spacing. The 0° specimens
had fiber lengths of 100mm, while the 45° specimens had fiber lengths of 141.4 mm. The
estimated fiber lengths for the different orientations (15°, 30°, 60°, 75°) ranged from 2.5 mm
to 141.4 mm. The fiber spacing and dimensions were chosen to keep the fiber volume
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0°/90 °

fraction about the same for all the test specimen orientations. Biaxial investigation renders
the 0°, 15°, and 30° synthetic skin results the same as 90°, 75°, and 30°, respectively.

15°/75 ° 30°/60 ° 45°

M

Figure 2. Different molds and synthetic skin with varying angles.

2.2. Development of Two-Layer Synthetic Skin

Figure 3 shows all the different combinations of two-layer synthetic skin (i.e., 0°-0°,
0°-15°, 0°-30°, 0°—45°, 0°-60°, 0°-75°, 0°-90°, 15°-30°, 15°—45°, 15°-60°, 15°-75°, 15°-90°,
30°—45°, 30°-60°, 30°-75°, 30°-90°, 45°-60°, 45°-75°, 45°-90°, 60°-75°, 60°-90°, and
75°-90°). The outer dimensions of the two-layer synthetic skin that were created were
100 mm x 100 mm x 3.5 mm. The layer-wise fiber orientations of the simulants varied, as
well. The synthetic skin was produced using fibers with a uniform area of 1 mm x 1 mm,
which were arranged in two layers with a matrix of 0.5 mm in between, as well as on the
top and bottom of the layer. In order to fabricate these stimulants, three distinct 3D-printed
molds were utilized. Two of these molds included fiber grooves that were oriented in a
variety of directions, while the third mold was hollow and graded in order to assemble
the synthetic skin in a layer-by-layer manner. The preparation of the layers began with a
bottoms-up method that consisted of a 0.5 mm thicker matrix, which was then followed
by one-layer simulants of the first orientation and a thickness of 1 mm, a 0.5 mm thicker
matrix, one-layer simulants of the second orientation with a thickness of 1 mm, and a
0.5 mm thicker matrix. It is essential to note that the curing period was managed in such a
manner that all of the layers would have strong linkage, and the matrix would be spread
evenly through the whole structure [38,51-53].

Two different methods were used to create the one-layer synthetic skin with vary-
ing fiber orientations. The fibers were created by pouring the fiber-mimicking polymer
(i.e., with 30 A shore hardness) into a mold with 1 mm broad slots for fibers up to 1 mm
thickness, and curing the mixture for 90 min. The fibers were created by pouring the
fiber-mimicking polymer (i.e., with 30A shore hardness) into a mold with 1mm broad
slots for fibers up to 1 mm thickness, and curing the mixture for 90 min. The portion was
removed from the mold after 1 h and placed upside down in a hollow square mold with a
slightly bigger area and a thickness of 2 mm. The matrix representative polymer (i.e., 15 A
shore hardness) was poured on top of the cured mixture and allowed to cure for 45 min.
This second mold was used to pour and cure the matrix representative polymer before
the final soft-composite mixture was removed. Five different synthetic skin specimens
were created so that each possible fiber orientation could be simulated. Every sample
was created to have uniform dimensions of 100 mm x 100 mm x 2 mm, with the fibers
measuring 1 mm X 1 mm in area, varying in length, and spaced 1 mm apart. The different
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0°-0°

0°-90°

30°-45°

orientations were the cause of the various fiber lengths. The specimens at 0° had complete
fiber lengths of 100 millimetres, whereas the specimens at 45° had fiber lengths of 141.4 mm.
The estimated fiber lengths of the specimens that had any of the other possible orientations
(15°, 30°, 60°, or 75°) ranged anywhere from 2.5 mm to 141.4 mm. The goal of selecting this
particular fiber spacing and dimensions was to maintain the fiber volume fraction at nearly
the same level for all of the different orientations of the test specimens. It is important to
note that the results of the 0° synthetic skin will be same as the 90° sample because of the
biaxial study. Similarly, the results for 15° and 75° and 30° and 60° are also same for this
biaxial testing (Figure 3).

0°-15° 0°-30° 0°-45° 0°-60° p—

15°-30° 15°-45° 15°-60° 15°-75°
30°-60° 30°-75° 30°-90° 45°-60° 45°-75°
45°-90° 60°-75° 60°-90° 75°-90°

Figure 3. Two-layer anisotropic synthetic skin with varying fiber orientations.

2.3. Development of Anisotropic Synthetic Skin Grafts

An additive manufacturing technique was employed to develop the anisotropic skin
grafts [54]. Based upon the prior studies and a detailed literature review on skin graft
meshers, the length, spacing, and gap between two consecutive slits were calculated to
develop a 3:1 skin graft. In order to create the incisions on anisotropic synthetic skin, a
replica of the skin grafts was printed using a 3D-printer. This 3D print was placed on the
synthetic skin, and a surgical blade was used to develop the skin grafts. Each synthetic skin
sample was precisely converted into the skin grafts and tested further. At the same time, to
develop the skin grafts, three protocols were followed. First, the size of the skin sample and
the size of the 3D-printed part were made the same. Second, the proper place to hold the
skin and 3D-printed part were determined. Third, each line was aligned and cut with the
help of surgical blades. Figure 4 shows the schematic of the skin graft development. For
developing the anisotropic skin grafts, four consecutive steps were followed. Firstly, we
designed and developed 3D-printed slits with a length of 10 mm, 0.5 mm slit thickness, and
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a 2 mm gap between two repeated slits based upon the 3:1 mesher dimension. Secondly,
we placed the anisotropic skin onto the 3D-printed slits (as shown in Figure 4b,c). Thirdly,
every slit was cut with proper alignment using surgical blades. As shown in Figure 4d, the
anisotropic skin graft was prepared for further analysis.

Figure 4. Schematic of the development of anisotropic synthetic skin grafts with (a) 3D-printed graft
meshing slits. (b) Anisotropic synthetic skin fabrication; (c) projection of slit patterns on synthetic
skin; (d) resultant synthetic skin grafts.

The time taken to design and develop the synthetic skin was approximately 10.5 h. It
is divided into three parts. First, the printing of different molds was carried out (roughly
1-2 h for each mold); second, fabrication of the anisotropic synthetic skin was executed
(approximately 6-8 h); and third, we developed the synthetic skin grafts through cutting
(approximately 30 min for each pattern). The total cost per sample was approx. INR 500 INR
(i.e., approx. USD 6), considering the polymer material and 3D printing costs. Additionally,
it should be mentioned that the material cannot be restored to its original form.

2.4. Material Characterization

Figure 5 shows the schematic representation of the biaxial testing setup and attachment
of the synthetic skin graft samples. Equibiaxial loading was applied with a constant strain
rate of 24 mm/min up to 50% strain. Two load cells with a maximum measurement
capacity of 40 kg were employed to estimate the forces applied to the specimen [54]. The
displacements were calculated using the lead screw pitch and number of rotations. It
should also be mentioned that the slit patterns in the synthetic skin grafts did not extend
all the way up to the edge and had 2 cm margins. However, as the margins on each side of
the sample were linked to (i.e., within) the clamps, they did not affect the overall results.
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Skin graft simulant during the test

Figure 5. Schematic of biaxial testing setup with attached synthetic skin graft.

The important role of cell proliferation is dependent on the void area and meshing
ratio. The void area, which refers to an area that is empty or has nothing in it, is particularly
significant in the context of skin grafting and is defined as the area between the unit cells of
the graft. The void area was calculated using the open-source Image] image processing and
analysis software. The steps to calculate the void included opening the Image] software
(NIH, USA) and inserting the graft image for area estimation. This was followed by
calibration of the image to ensure that the maximum lengths were correct. The region of
interest (i.e., the void region) was then selected using different toolbars, such as rectangle,
freehand, etc. To calculate the area of the void region, a well-defined Image] tool was used.
It is important to note that the area value is displayed in square pixels or square units,
depending on the image calibration. The product of this value and a calibration multiplier
will yield the total void area.

Soft tissue and polymer-based materials have a non-linear stress—strain profile. Skin
grafts have been observed to have less stress compared to skin at high strain [55]. Hypere-
lastic constitutive material models (e.g., Fung, Yeoh, Humphrey) can be used to characterize
the non-linear mechanical behavior of synthetic skin grafts. In this study, Yeoh, Mooney—
Rivlin, and the neo-Hookean hyperelastic curve fit model were used to calculate the
constant coefficients (c1, ¢, and c3) [56-59]. Non-linear hyperelastic curves work on the
strain energy density function (¥), which is based on the material type. In an isotropic hy-
perelastic model, the strain-energy function is dependent on the principal stretches (A1, Ay,
and A3) or the Cauchy—Green tensor invariants (I1, I, and I3, which are also functions of
the principal stretches), as shown in Equations (1)—(4) [60-63].

Tisotropic = T(Ilr I, IS) 1)
3 2
L = Z)‘i (2)
i=1
3 242
L= Y AAT i#]j 3)
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The strain energy and stress function of the hyperelastic models are shown in
Equations (5)-(11):

Fyeon = c1(Ii = 3)" +ca(I1 = 3)* + ¢3(I1 - 3)° ®)
‘FMooneyfRivlin = Cl(ll - 3) + CZ(IZ - 3) (6)
¥ Neo—Hookean = Cl(Il - 3) (7)

ik 4 ik 4
‘71—7\137}\1—7\337\3 8)

1
Tyeon = 2(A* — X)(Cl +205(I — 3) +3c3(l — 3)°) 9)
, 1 1

OMooney—Rivlin = 2(/\ - X)(Cl + CZX) (10)

, 1
ONeo—Hookean = 2(/\ - X)(Cl) (11)

In summary, single layer and multilayer skin grafts were developed with an ideal
combination of fibers and matrix to achieve optimal skin-like mechanical properties from
locations with varying Langar line orientations. A total of 20 grafts were designed with
varying compositions and each variant was tested five times to ensure the accuracy and
reproducibility of the results. The mechanical properties of the grafts were estimated
using a biaxial testing device, which was a specialized machine that could measure the
forces and deformation of materials under realistic stretching. The graft samples were
carefully attached to the clamps of the machine to avoid any damage to the samples during
testing. To ensure that the testing conditions were standardized and consistent across all the
samples, a strain rate of 24 mm /min was used for each test. This strain rate was based on
previous studies on skin and was chosen to provide a reliable and accurate measurement
of the mechanical properties of the grafts [64,65].

3. Results

In this work, the mechanical testing of anisotropic skin graft simulants with varying
orientations were performed. The expansion, void area, induced stresses, and hyperelastic
relationships were estimated for each synthetic skin graft design. Additionally, the displace-
ments and meshing ratios up to the ultimate tensile strength (UTS) of skin were determined
to understand the maximum possible expansion until graft rupture.

3.1. Biaxial Expansion of Anisotropic Synthetic Skin Grafts

Figure 6 illustrates the biaxial deformation of anisotropic synthetic skin grafts with
increasing stretch up to a limit of 3.13 meshing ratio. At 10% stretch, the skin grafts
started expanding, and the void area of the skin graft increased with the increasing stretch
percentage. At 50% stretch, the skin graft showed a maximum concertina pattern with the
maximum void area between two consecutive slits. For 0% stretch, the void area of all the
synthetic skin grafts will be the same as the area of the 3D-printed part (i.e., 5 mm?), which
was used to develop the synthetic skin grafts. Table 1 shows the void area of different
stretch levels, and the value of the maximum void area was 33.51 mm2. From 0% to 50%
stretching, the void area was increased approximately 7 times (570%).
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Figure 6. Schematic representation of skin graft expansion.

Table 1. Void area and meshing ratio calculation during synthetic skin graft expansion.

Anisotropic Skin Graft Unit Cell Void Area (mm?) Average Meshing Ratio
At 0% stretch 5 1
At 10% stretch 8.33 £ 10% 1.33
At 20% stretch 10.86 &+ 10% 1.71
At 30% stretch 16.6 + 10% 2.14
At 40% stretch 26.69 £+ 10% 2.61
At 50% stretch 33.51 £ 10% 3.13

3.2. Biomechanical Behavior of Anisotropic One-Layer Synthetic Skin Grafts

The biaxial stress analysis of one-layer anisotropic synthetic skin grafts is shown in
Figure 7. In the figure, the 0° or 90°, 15° or 75°, and 30° or 60° skin grafts show the same
stress value. Five tests of each sample were conducted to calculate the average stress values
of each anisotropic synthetic skin graft. The maximum and minimum value of stress was
0.30 MPa and 0.21 MPa, respectively. The synthetic skin graft with a 45° orientation shows
the maximum stress value, and the 15° skin graft shows the minimum stress value. All
the synthetic skin grafts show stress in the range of the matrix and fiber (i.e., 0.4 MPa and
0.1 MPa). In a previous study, Capek et al. [1] studied the effect of langer lines in skin
grafting. They observed the maximum stress values of 2.52 MPa using FEA. Similarly,
Gupta et al. [2] developed isotropic synthetic skin grafts and studied the effect of the slit
size, spacing, and orientation under uniaxial loading conditions. The maximum stress
observed in their study was 0.35 MPa in low spacing between the skin grafts. The induced
stress value was 16.6% higher than this study. This may be due to different skin graft
designs and loading conditions. Overall, these one-layer skin grafts will be used for the
surgical training of medical students. Without ethical and biosafety issues, medical students
will learn different skin grafting techniques for precise surgery.
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Figure 7. Stress analysis of one-layer anisotropic synthetic skin grafts.

3.3. Biomechanical Behavior of Anisotropic Two-Layer Synthetic Skin Grafts

The stress analysis of two-layer synthetic skin grafts is shown in Figure 8. From
the two-layer skin graft results, the maximum stress value was observed in the 30°-60°
synthetic skin grafts. Overall, these two-layer skin grafts will be required for the purpose
of training medical students in various surgical techniques. Medical students will be able
to learn a variety of skin grafting techniques for precision surgery. In addition, this study
will help students understand the biomechanics of skin grafts.
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Figure 8. Stress analysis of two-layer anisotropic synthetic skin grafts.
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3.4. Hyperelastic Modelling of Anisotropic Synthetic Skin Grafts

Hyperelastic curve fit standards were used to characterize the stress and stretch
response of the synthetic skin grafts, as discussed in Section 2. The averages of five stress
versus strain results of the synthetic skin graft tested at 24 mm/min strain rate (shown
in Figure 5) were determined. Table 2 shows the constant coefficients of neo-Hookean. It
summarizes the coefficients and R? values, which fall within 0.88 < RZ < 1. This model has
one curve fit coefficient (c1), and the maximum value was observed in the 60°-15°-oriented
skin graft model. Table 3 shows the constant coefficients of the Mooney-Rivlin model. It
summarizes the coefficients and R? values, which fall within 0.91 < RZ < 1. This model has
two curve fit coefficients (c; and c¢1), and the maximum correlation was observed in the
0°-oriented skin graft model. Table 4 shows the constant coefficients of the Mooney-Rivlin
model. It summarizes the coefficients and R? values, which fall within 0.89 < R? < 1.

Table 2. Neo-Hookean hyperelastic model estimations.

Neo-Hookean Curve Fit Coefficient

Anisotropic Skin Graft Model R?
‘1

0° 0.0814 0.9972
15° 0.0702 0.9246
30° 0.0794 0.9968
45° 0.0949 0.9981
0°-0° 0.0784 0.9645
0°-90° 0.0785 0.9950
30°-60° 0.1037 0.9771
15°-90°/0°-75° 0.0862 0.9957
60°-90° /0°-30° 0.0751 0.8986
0°-60° /90°-30° 0.0741 0.9841
45°-15° /45°-75° 0.0630 0.9901
75°-15° 0.0992 0.8862
0°-15°/75°-90° 0.0872 0.9893
60°-15° /30°-75° 0.1049 0.9379
45°-60° /30°-45° 0.0717 0.9877
0°—45° /90°-45° 0.0919 0.9014
15°-30°/75°-60° 0.0829 0.9618

Table 3. Mooney—Rivlin hyperelastic model estimations.

Mooney-Rivlin Curve Fit Coefficients

Anisotropic Skin Graft Model R2
a €2

0° 0.0814 0.0001 0.9972
15° 0.0001 0.0975 0.9528
30° 0.0794 0.0001 0.9968
45° 0.0949 0.0001 0.9981
0°-0° 0.0000 0.1091 0.9898
0°-90° 0.0785 0.0001 0.9950
30°-60° 0.0096 0.1307 0.9924
15°-90° /0°-75° 0.0718 0.0201 0.9967
60°-90°/0°-30° 0.0001 0.1048 0.9404
0°-60° /90°-30° 0.0001 0.1028 0.9971
45°-15° /45°-75° 0.063 0.0001 0.9901
75°-15° 0.0001 0.1390 0.9445
0°-15°/75°-90° 0.0095 0.1078 0.9983
60°-15° /30°-75° 0.0001 0.1465 0.9773
45°-60° /30°-45° 0.0355 0.0503 0.9928
0°-45°/90°—45° 0.0001 0.1277 0.9180

15°-30° /75°-60° 0.0001 0.1154 0.9898
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Table 4. Yeoh hyperelastic model estimations.
Yeoh Curve Fit Coefficients
Anisotropic Skin Graft Model R2?
€1 €2 c3
0° 0.0730 0.0105 0.0001 0.9986
15° 0.0702 0.0001 0.0001 0.9246
30° 0.0793 0.0001 0.0001 0.9968
45° 0.0914 0.0044 0.0001 0.9975
0°-0° 0.0784 0.0001 0.0001 0.9645
0°-90° 0.0785 0.0001 0.0001 0.9950
30°-60° 0.1037 0.0001 0.0001 0.9771
15°-90° /0°-75° 0.0862 0.0001 0.0001 0.9957
60°-90° /0°-30° 0.0751 0.0001 0.0001 0.8986
0°-60°/90°-30° 0.0741 0.0001 0.0001 0.9841
45°-15° /45°-75° 0.0518 0.0140 0.0001 0.9926
75°-15° 0.0992 0.0001 0.0001 0.8862
0°-15°/75°-90° 0.0872 0.0001 0.0001 0.9893
60°-15°/30°-75° 0.1049 0.0001 0.0001 0.9379
45°-60° /30°—45° 0.0717 0.0001 0.0001 0.9877
0°-45° /90°—45° 0.0919 0.0001 0.0001 0.9014
15°-30° /75°-60° 0.0829 0.0001 0.0001 0.9618

4. Discussions

The purpose of the study is to quantify the actual expansion offered by different types
of skin grafts, specifically those with high claimed expansion ratios (e.g., 1:3). The study
aims to build upon previous literature that has reported much lower expansion with actual
skin grafts. To achieve this goal, this study used biofidelic synthetic skin to model skin
grafts and measure their possible expansion. Additionally, the study aims to examine the
effect of Langer lines on skin graft expansion and the grafts’ mechanical properties. Langer
lines are natural lines of tension within the skin, which vary across body locations and
impart anisotropy to the skin. By understanding the effect of Langer lines on skin graft
expansion, the study aims to provide insight into the real expansion potential of skin grafts
at different body locations.

Several steps were followed to design these single- and multi-layer synthetic skin
grafts. First, a suitable material composition was selected for the matrix and fibers to
develop the anisotropic synthetic skin. Second, different molds were designed for different
fiber orientations and for hosting the material compositions for the fiber and matrix. The
designs were printed using a high-definition 3D printer. Third, the material for the fibers
was poured first into the channels in the mold, and then left to set for 30 min. Fourth,
the material for the matrix was poured on top of the partially set fibers and filled the
entire mold after 30 min; it was then left to set for 8 h. After 8 h, the fibers and matrix
were integrated, and the synthetic skin sample could be removed from the mold. Fifth,
synthetic skin graft development was conducted using stencils with the slit cutting pattern
as per the meshing ratios (e.g., 1:3) fabricated using a 3D printer and followed by using
a knife to cut the slits. Mechanical testing was conducted on a biaxial testing device
and compared with the literature to ensure consistent skin graft mimicking. The effect
of the fiber orientations on the expansion, void areas, and mechanical properties were
characterized. A maximum average meshing ratio of 3.13 was estimated for single layers
and a 15° orientation at 50% stretch. Across the one-layer models, the synthetic skin grafts
with 15° fiber orientation showed the minimum induced stresses and maximum expansion.
Across the two-layer synthetic skin grafts, the one with 45°-15° fiber orientation showed
the minimum stress values and highest expansion. Different hyperelastic models were
employed to estimate the curve fit coefficients with a high degree of correlation. These
anisotropic synthetic skin grafts were developed to understand the effect of fibrous layers
and orientation on skin graft expansion.
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Our study results can be compared with several works in the literature. Recently,
Gupta et al. [66] performed a computational analysis of skin grafts with varying slit
orientations from 0° to 90°. In their study, all the skin grafts were tested computationally
under uniaxial loading conditions, and the orientation showed a significant effect on the
overall expansion of the skin grafts, consistent with our findings. There have been very
few studies that model the effects of anisotropy on skin properties, and no such studies on
skin grafts [2,38,47,48,67,68]. A recent study by Makode et al. [38] developed a single-layer
anisotropic synthetic skin using a multi-part elastomer and performed uniaxial analysis
on a variety of anisotropic synthetic skin. Following a similar procedure, the current work
was focused on developing single- and multilayer anisotropic synthetic skin and novel
synthetic skin grafts, and testing them under realistic biaxial stretching applied during
the clinical implementation of skin grafts. The hyperelastic curve fit models were used
to characterize the stress versus stretch responses of the synthetic skin grafts, similar to
previous studies [2,38,47,48]. The coefficients not only had similar reported ranges, but the
R? values were also within a reasonable range (i.e., 0.88 < R? < 1).

There are a few limitations of this study, which should be acknowledged. Square-
shaped synthetic skin grafts with a constant thickness were studied, which is one ideal
case of the range of skin graft shapes and thicknesses employed clinically. The cuts made
in the grafts were not edge to edge and this could affect the results. No cadaveric skin
or animal skins were tested due to ethical and biosafety issues. In addition, no biological
investigation was conducted to study the effect of skin graft models on wound healing. In
future studies, all these limitations will be addressed to better understand the effectiveness
and shortcomings of the traditional graft variants.

5. Conclusions

In this work, anisotropic synthetic skin grafts were developed to understand the
effect of fiber layers and orientations on skin graft expansion and its properties. A soft
elastomer material-based framework was used to develop biofidelic anisotropic synthetic
skin with one-layer and two-layers, and 3:1 meshing-based incision patterns were projected
to fabricate a wide range of synthetic skin grafts (N = 100). Under clinically relevant biaxial
stretch loading, the expansion in terms of the meshing ratio, void area, and stress—strain
responses were estimated. All the synthetic skin grafts showed stress—strain responses
below that of skin. The maximum observed void area was within the range of traditional
skin grafts. A maximum average meshing ratio of 3.13 was estimated for single layers and
15° orientation at 50% stretch. Across the one-layer models, the synthetic skin grafts with
a 15° fiber orientation showed the minimum induced stresses and maximum expansion.
Across the two-layer synthetic skin grafts, the one with a 45°-15° fiber orientation showed
the minimum stress values and highest expansion. Different hyperelastic models were
employed to estimate the curve fit coefficients. These nonlinear material characterization
models can be beneficial for the computational study of skin grafts. To date, the effect of
Langar line orientations on a skin graft’s expansion properties have not been studied either
through experiments or computationally. The current work attempts to understand the
effect of all possible Langar line orientations on skin graft expansion. This topic is relatively
original in this field and can provide a new target for clinical burn treatment. Additionally,
it can provide a reference for the clinical use of the most suitable skin graft.

Overall, this study shows that skin’s fiber orientation significantly affects skin graft
expansion, with generation of clinically reasonable void areas and stresses. The developed
synthetic skin grafts could be indispensable for training medical students and further
understanding of the biomechanics of skin grafts for improving burn surgery outcomes.
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