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ABSTRACT

One of the wound treatments was negative pressure wound therapy (NPWT),
which used wound dressings on the wound bed to ameliorate the wound
healing. Unfortunately, most wound dressings were two dimensional (2D),
lacking the ability to cover severe wounds with a straightforward procedure.
The sheets needed to be stacked following the wound curvature, which might
be problematic since improper stacking could hinder the wound healing.
Regarding the mentioned problems, our group develop 3D wound dressings,
which are made using 3D printers. The wound dressings are made of
polycaprolactone (PCL), polyurethane (PU), and polyvinyl alcohol (PVA). As
the initial stage, the mechanical integrity of the soft polymers was investigated
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under uniaxial tensile and uniaxial compressive stress using computational
methods. The polymers were defined as 3D lattices following the dimension of
existing wound dressings. Based on the simulation results of displacement and
von Mises stress, the three polymers are mechanically safe to be used as wound
dressing materials.
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Introduction

Chronic ulcers affected 1% of the world population with various causes [1]. At
least three types of chronic ulcer were known, venous leg ulcer, diabetic ulcer,
and pressure ulcer. In Germany, 37% - 80% of leg ulcer cases had an aetiology
of chronic venous insufficiency [2]. In the UK, venous ulcer prevalence could
reach 1.2 — 3.2 per 1,000 people [3]. Apart from venous leg ulcers, diabetic
foot ulcers also showed high prevalence. The incidence of diabetic foot ulcers
also grown globally [4], along with the increase in the prevalence of diabetic
mellitus all over the world. This type of ulcer was responsible for more
hospitalization than other diabetic complications. This ulcer also increased the
chance of the patient experiencing pressure ulcers [5]. Regardless of the
diabetic co-factor, pressure ulcers also presented high prevalence, particularly
in immobilized patients. It was reported that 18.1% of hospitalized patients in
Europe were affected by pressure ulcers4. Both diabetic and pressure ulcers
spent a high expenditure on national healthcare [4], [6].

The treatment of abovementioned ulcers varied. For the initial stage,
the ulcer was cleansed using irrigation to remove debris and prevent premature
surface healing [7]. The shallow ulcer usually only required wound dressing to
close the ulcer and prevent contamination. However, higher-stage ulcers
required a negative pressure wound therapy (NPWT) to accelerate the wound
healing process by providing an electrically powered vacuum condition in the
wound vicinity [8]. The vacuum condition enabled humidity maintenance,
allowed for epithelization, and prevented tissue desiccation [9]. Due to the
vacuum condition, the exudate could also be removed, thereby preventing
contamination and lowering the risk of hematoma and seroma formation [10].

The selection of wound dressing for NPWT devices was crucial. Ulcers
could react differently to different materials of wound dressing. To date,
polycaprolactone (PCL), polyurethane (PU) dan polyvinyl alcohol (PVA) were
regularly used as building blocks of wound dressings due to the
biocompatibility [11]-[14]. Besides that, the use of materials was based on the
softness since the materials interacted with damage skins (ulcers) [15], [16].

The available wound dressing materials, nonetheless, are mostly two
dimensional (2D), in the form of sheet. For Stage Il or Stage IV ulcers, the
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2D wound dressing sheets have to be stacked to fill the gap in the wound cavity
since every chronic ulcer had its own curvature. Sometimes, the wound
dressing sheet was not able to fit properly in the wound bed, which caused the
air leakage [17]. A loose stacking might cause a partially covered wound bed,
while a tight stacking might induce pain to the wound bed. An improper
stacking might also interfere with the vacuum perseverance of the NPWT.
Regarding this problem, our group developed a three-dimensional (3D) wound
dressing made of soft polymers. The 3D curvature of the wound dressing was
extracted from medical imaging (i.e., magnetic resonance imaging, 3D
scanning). The medical images were subsequently modified to generate a
lattice pattern in the wound dressing, following the size of the existing wound
dressing. The modified lattice-structured wound dressing was subsequently
realized using rapid prototyping technology, as known as 3D printing.

Before the wound dressing realization, one of the crucial steps is the
computational and experimental characterization of the wound dressing
materials. This study aims to investigate the mechanical integrity of the
materials using computational methods under several modes of stress. The
materials were as 3D lattices made of soft polymers: PCL, PU, and PVA.

Methods

3D soft polymer lattice model

The model of the three lattices (PCL, PU, and PVA) was designed with the
pore-strut configuration using an Autodesk Inventor Professional 2020
modelling software. The strut dimension was based on the maximum
resolution of the 3D printer [18] and the setting in the slicer software. Low-
cost fused deposition modelling (FDM) 3D printers commonly used a nozzle
with a diameter of 0.4 mm [18]. The nozzle diameter determined the extrusion
width (strut width), which had the same value as the nozzle diameter. The strut
height, on the other hand, could be altered using a slicer software by choosing
the 3D printing quality, which was the layer height per print. Commonly, the
slightest dimension of the layer was 0.1 mm [18], thereby the strut height.
From the mentioned considerations, the strut width and height were 0.4 mm
and 0.1 mm, respectively. Different from the strut, which size was fixed, the
pore dimension varied following the wound dressing specification applied in
the NPWT device. There were three sizes of pore in literature: 0.4 mm [19],
0.5 mm [19], and 0.68 mm [20], thus generating three samples for each
material, which had the same strut dimension, as well as the number of pores
and struts. As a result, there were 9 samples: PCL0.68, PCL0.5, PCLO0.4,
PU0.68, PU0.5, PU0.4, PVA0.68, PVAOQ.5, and PVAOQ.4 The illustration of the
3D lattice is presented in Figure 1.
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Figure 1: The computer-aided design (CAD) of the soft polymer lattice: (a)
isometric projection, and (b) front view of the model.

Simulation parameters

COMSOL Multiphysics 4.5 was used to perform the computational
simulations to determine the mechanical integrity of the 3D lattice [21]. The
model that was built (Figure 1) was converted and exported to COMSOL. In
this study, the uniaxial compressive and tensile stresses were applied on top of
the lattice surface. The simulations were performed using a solid mechanics
module in the stationary study. The mechanical properties of the three
materials input in COMSOL were in the form of thermoplastics, following the
form of the 3D printing filaments (presented in Table 1).

Table 1: Mechanical properties of PCL, PU, and PVA

Parameters PCL PU PVA

Young’s Modulus (MPa) CO_’F‘epr:;SIZ':";‘EgZ[]ZZ] 55[23]  44.7 [24]

Poisson's Ratio 0.442 [22] 0.48 23] 0.45][25]
Density (kg/m3) 1,200 [26] 1,100 [27] 680 [28]
Tensile / Compressive Compressive: 3.2

[22] 24.8 [29] 40 [30]

Strength (MPa) Tensile: 1.4 [22]

The load boundary and fixed constraint were defined on two surfaces
of the model. One was on top of the model, while the other one was applied on
the bottom surface of the model, respectively. The load directed downward
and upward along the z-axis placed on top of the model, recapitulated the
compressive and tensile stress, respectively. To determine the value of the two
forces, the working pressure of an NPWT device was used. On a clinical basis,
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a 125-mmHg negative pressure was delivered to the wound bed [19].
Considering the safety factor of 10, the load used in this study was equal to
1250 mmHg (166,653 Pa). These simulations output resulted in the
displacement and the von Mises Stress (vMS) of each material, model, and test
used. The minimum-maximum value distribution of displacement was
visualized by the colour scale (Figure 2). Following is the linear deformation
equation:

PL Q)

é‘zﬁ

where P, L, E, and A are the load (N), the original length of the lattice (mm),
modulus elasticity of the material (N/mm2), and surface area (mm2),
respectively. Meanwhile, the vMS calculation followed the below equation:

1
oy = g[(ffn — 022)% 4 (022 — 033)* + (033 — 011)?] + 055 + 053 + 05, 2

where gij is the stress tensor at the local coordinate system.

Results and Discussion

The displacement values were analysed using a COMSOL post-processing
feature and evaluated from the top surface. Since the working force was on the
z-axis, the displacement values along other axes were neglected. The
simulation in COMSOL followed Equation 1. In all the samples, the lowest
displacement values were distributed on all four corners on the bottom surface.
Meanwhile, the higher displacement values were found on the middle surface,
especially at the edges of the pores. The distribution values were visualized in
Figure 2.

The resulted displacement values were obtained regarding the test
method, pore size, and material were summarized in Figure 3a. The
displacement increased along with the increase of the pore size. For both
tensile and compressive tests, PU models had the lowest displacement among
all materials in all pore sizes. The displacement values were 0.048 mm, 0.083
mm, and 0.129 mm for PUOQ.4, PUQ.5, PU0.68, respectively. Meanwhile, the
displacement values of the PVAOQ.4, PVAOQ.5, PVAO0.68 model were 0.06 mm,
0.104 mm, and 0.161 mm, respectively. The PCL model for both test schemes
had distinctive displacement values due to the difference of compressive and
tensile strength. The compressive displacements of PCL0.4, PCLO.5, and
PCL0.68 were 0.061 mm, 0.106 mm, and 0.164 mm, respectively. Meanwhile,
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the tensile displacements of PCL0.4, PCLO.5, and PCL0.68 were 0.1 mm,
0.173 mm, 0.267 mm, respectively.

PCL
0.2

PU

0.1

PVA
0.05

0.4 mm 0.5 mm 0.68 mm 0

Figure 2: Displacement distribution on tensile test for each pore size and
material.

Generally, the PU lattice has the lowest displacement in the
compressive and tensile tests, followed by PVA and PCL (dPU < dPVA <
dPCL). The displacement results inversely corresponded to the elastic modulus
of each material (EPU > EPVA > EPCL), as shown in Table 1. The results also
indicated that the PU lattice was more stable to preserve its shape compared
with the PVA and PCL lattices. However, despite the highest displacement of
PCL, the maximum tensile strain was only about 3.38%. This small strain can
be considerably neglected during the implementation of NPWT.

The vMS values were also obtained from the simulation (Figure 3b),
following Equation 2. The average VMS values were 1.21 + 0.01 MPa, 2.02 +
0.01 MPa, and 3.36 + 0.06 MPa for the pore size of 0.4 mm, 0.5 mm, 0.68 mm,
respectively. The simulation indicated that for the same strut size, the resulted
vMS for each material was proportional to the pore size. The vMS values were
lower than the respective ultimate tensile strength (UTS) values (shown in
Table 1), except for the PCL lattice with the pore size of 0.5 mm and 0.68 mm.
In terms of compressive stress, only vMS of PCL with the pore size of 0.68
mm exceeded the ultimate compressive strength (UCS). The three explained
conditions were indeed problematic since the conditions indicated the failure
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of materials. However, the safety factor used in the simulation was
overestimated, 10. When the safety factor was lowered to 5 (P= 83, 326 Pa),
the vMS of the PCL lattice with the pore size of 0.5 mm was lower than the
UTS. When the safety factor was even decreased to 4 (P= 66, 661 Pa), the PCL
lattice with the pore size of 0.68 mm did not experience failure due to either
tensile or compressive stress. These results are of importance for the future
design of 3D wound dressings made of PCL. Instead of 10, the safety factor
used for PCL wound dressings can be 4. The safety factor of 4 is still tolerable.
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Figure 3: Displacement (a) von Mises Stress, and (b) along the z-axis.
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Based on the mechanical simulation results, the 3D PU lattice was
superior compared to the other two lattices. However, the strain of all lattices
was very small (Table 2). The vMS of all materials was below the UTS, except
for PCL with certain pore sizes. Nonetheless, when the safety factor was
lowered to 4, PCL lattices were still safe and applicable for NPWT. It means
that the other two materials (PVA and PCL) can still be considered as
compatible materials for NPWT wound dressings. Therefore, three options of
3D wound dressing material are still available for plastic surgeons to use. For
instance, if the surgeons would like to incorporate a biodegradable wound
dressing, they can select 3D PVA-based and PCL-based wound dressings
[31]-[33]. Meanwhile, when the surgeons want to keep the structural integrity
of the 3D wound dressing material, they can choose 3D PU-based wound
dressing since thermoplastic PU is not degradable in the body [13].

Table 2: The strain for each pore size and material

Material Pore Size
0.4 mm 0.5 mm 0.68 mm
PCL (%) 1.95 2.84 3.39
PU (%) 0.95 1.37 1.64
PVA (%) 1.18 1.71 2.04
Conclusion

The computational analysis was successfully executed. From the results, it can
be concluded that the 3D lattices made of PCL, PU, and PVA, were safe and
feasible to be used as wound dressing materials. The von Mises stress resulted
from the equivalent stress produced by NPWT devices on a wound bed did not
exceed the ultimate tensile strength of all materials. The maximum strain rate
due to the compressive and tensile stress was also considerably low. In terms
of biodegradability, surgeons can take 3D PVA- and PCL-based wound
dressings. On the other hand, the perseverance of 3D wound dressing structural
integrity can be achieved using PU-based wound dressings. Finally, the results
of this study provide the readers the finite element analysis of 3D lattices for
wound dressing applications. However, this study hopefully will become a
cornerstone of the development of 3D wound dressing materials,
experimentally and clinically, since a one-piece dressing product was desired
by burn wound specialists around the world [34].
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