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Abstract: The treatment of hypertrophic scars (HSs) is considered to be the most challenging task in wound rehabilitation.
Conventional silicone sheet therapy has a positive effect on the healing process of HSs. However, the dimensions of the silicone
sheet are typically larger than those of the HS itself which may negatively impact the healthy skin that surrounds the HS.
Furthermore, the debonding and displacement of the silicone sheet from the skin are critical problems that affect treatment
compliance. Herein, we propose a bespoke HS treatment design that integrates pressure sleeve with a silicone sheet and use of
silicone gel using a workflow of three-dimensional (3D) printing, 3D scanning and computer-aided design, and manufacturing
software. A finite element analysis (FEA) is used to optimize the control of the pressure distribution and investigate the effects
of the silicone elastomer. The result shows that the silicone elastomer increases the amount of exerted pressure on the HS and
minimizes unnecessary pressure to other parts of the wrist. Based on this treatment design, a silicone elastomer that perfectly
conforms to an HS is printed and attached onto a customized pressure sleeve. Most importantly, unlimited scar treating gel can
be applied as the means to optimize treatment of HSs while the silicone sheet is firmly affixed and secured by the pressure sleeve.
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1. Introduction blood loss. With aid of the coagulation factors, the plug
can be further stabilized by platelet aggregation and
the formation of fibrin scaffold which are driven by the
enzymatic cascade!'*!. The second phase of wound healing
is inflammation which occurs around the 5 days after the

injury. In this phase, the immune system is triggered to

Wound healing is a complicated process that can
be described as the restitution of natural anatomical
relationships and physiological integrity of the injured
tissues!!. The wound healing process can be divided into

overlapping phases with reference to the phase of recovery,
including hemostasis, inflammation, proliferation, and
remodeling. Hemostasis occurs immediately after the
tissue or capillary blood vessels are damaged. The platelet
degranulation creates a hemostatic plug to prevent the

activate the inflammatory reactions to prevent infection.
Neutrophils and macrophages are recruited to remove
any invading bacteria or foreign debris®. The third phase
is the proliferation which occurs around 5 — 10 days
after the injury and may last for 3 — 6 weeks. The main
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feature of this phase is the granulation tissue formation
which includes fibroblasts, myofibroblasts, loose
connective tissue, and capillaries. Extracellular matrix is
excessively produced by fibroblasts and myofibroblasts
for structural support for nascent capillaries which
results in hypertrophic scars (HSs) formation™®!. At the
end of this phase, the wound becomes an immature scar
which is fragile and has a low tensile strength. The last
phase of wound healing is the remodeling which turns
the immature scar into a mature scar and this phase can
last for 2 years. The excessive extracellular matrix is
remodeled from the weak and disordered type 111 collagen
into the stronger and more ordered type I collagen by
matrix metalloproteinases. With the passage of time,
the scar will be flattened because the newly synthesized
collagen is weaved into the stable fibrils. Furthermore,
the cellularity and vascularity of wound will be reduced
due to the activity of matrix metalloproteinases!”.

Due to the protrude and erythematous appearance
of the hypertrophic scarred skin, the quality of life of
HS patients can even be significantly affected™ as the
scarring may reduce self-esteem or even affect the mental
health of the patient due to their esthetically unpleasing
appearance’. This problem is more obvious in female
patients than male patients'®. Apart from cosmetic issues,
inappropriately managed HSs can cause functional
difficulties; for instance, a limited range of motion is
commonly found due to the reduced elasticity of the
skin and HS hardened tissues!'”. The low elasticity of
hypertrophic scarred skin is due to less elastin production
in comparison to normal tissue!'"'?, Therefore, HSs can
be said to be the most challenging problem in wound
healing and rehabilitation process. In 2015, 67 million
burn injuries were caused by fire and other sources of
high heat worldwide and around 70% of burn patients
develop an HSM. Another study also found that more
than 70% of the patients in Hong Kong form an HS after
surgery!'. The high prevalence of HS formation with
a lengthy treatment process can be a heavy burden on
health care systems. In the United States, the cost for
treating and managing scars is estimated at around US$
20 billion every year!'”.

Pressure, silicone sheet, and silicone gel therapies
are the most common non-invasive treatments for HSs.
For decades, pressure therapy has been used to accelerate
the maturation of HSs and improve their appearance!!®!”),
A number of studies conclude that exerting a continuous
pressure of about 25 mmHg can inhibit the growth
of HSs and encourage their maturation!'®!%!. This is
because exerted pressure may reduce the blood flow to
the hypertrophic scarred tissues so as to limit nutrients
and oxygen supply to the tissues, thereby effectively
reducing the production of collagen® . Therefore,
pressure garments should always be worn for optimal

treatment results except when the patient is bathing
or the garment needs to be washed®!. Silicone sheet
therapy is the application of a thin silicone sheet onto the
HS which increases the skin temperature, hydrates the
scar, and facilitates the polarization of scar tissues, thus
contributing to a reduction of the HSP53!. Furthermore,
silicone sheets can be used as a protective barrier against
the external environment to prevent secondary damage or
infection of the scar?’*%, The differences between silicone
sheets and silicone gel are the degree of crosslinking and
polymerization. Silicone sheets have a longer and stronger
polymer chain; therefore, they cannot be spread onto
skin like silicone gel®®!. Although proven to be effective
treatments for HSs, pressure therapy, silicone sheets, and
silicone gel have their inherent limitations. For example,
the complexities of the human body shape is a barrier for
the pressure garments to exert pressure onto the concave
parts of the body®*. Moreover, silicone sheets do not
work well on joints, such as elbows and knees, because
they might debond from the body part during movement
that requires joint use and a large range of motion.
Although it is not a burden for the patients to apply the
silicone gel twice a day, it is important to note that the
gel might be easily wiped off during daily activities.
Therefore, clinicians need to consider the location of
the HS and determine which treatment should be used to
obtain maximum treatment efficacy. In some cases, the
treatments can be combined; for instance, silicone sheets
and pressure therapy are often used together and proven
to provide a better effect in reducing scar thickness and
increasing scar pliability®****). However, the size of
the silicone sheet is usually larger than that of the HS to
ensure that it is securely adhered to the skin, which may
have negative impacts when covering healthy skin®®!. The
negative impacts include excessive sweating, pruritus or
even contact dermatitis*, To date, there have been few
quantitative studies done on integrating pressure, silicone
sheets, and silicone gel as a form of treatment to control
the abnormal growth of hypertrophic scarred tissues.

The advancement of three-dimensional (3D)
printing, 3D scanning and computer-aided design, and
manufacturing software has led to a variety of applications
in the medical field, such as artificial implants, orthoses,
and prostheses, which can be customized and 3D printed to
fit the needs of individual patients®”*). For example, Kang
et al " demonstrated the ability of creating vascularized
cell-laden bone constructs with tunable mechanical
properties using integrated tissue-organ printer. It is worth
noting that the 3D printed face shields play a significant
role during the outbreak of the COVID-19 in 201941421,
Hale et al.™ also developed bespoke orthoses for neck
stability using 3D printing and scanning technologies. To
improve the control over the pressure distribution or heat
transfer of custom-engineered products, biomechanical
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finite element models (FEMs) are commonly used to
enhance the design of orthoses or prostheses through
numerical simulation. For instance, Zolfagharian et al.*
demonstrated the use of FE analysis (FEA) in the design
of a patient-specific 3D-printed splint for mallet finger
injury to ensure that the mechanical properties of the
design meet the requirements but production consumes
the least amount of material. These customized products
first incorporated the geometric shape of the body part
obtained through 3D scanning to cater to each patient
based on his/her needs. After that, FEA can be adopted
to modify the design to enhance the performance of the
product based on the material properties of the 3D printed
materials without any further trial and error fittings, thus
minimizing the volume of material waste during the
design process.

In this study, we propose a novel framework to
manufacture a bespoke garment for HSs using a workflow
of 3D scanning, 3D printing, FEA, and computer-aided
design and manufacturing software. The 3D printed
silicone insert which conforms to the profile of the HS is
attached to a pressure garment to eliminate the problem of
its displacement. Hence, scar treating gel can be applied
with a silicone insert, thus helping patients toward a
quicker recovery. The integration of pressure, silicone
sheet, and silicone gel therapies will surely open new paths
of development in HS treatment. A female participant
was invited for a clinical study to observe the feasibility
of the suggested therapy. Our proposed framework is also
valuable for different types of customized products in the
clinical field.

2. Materials and methods
2.1. Details of clinical case

A 51-year-old female patient with a body mass index of
21.5 kg/m? who has undergone surgical operation on her
right wrist was recruited for the study. The patient has given
her written informed consent to publish the pictures and
her personal data. In December 2018, the patient suffered
aradial bone fracture near her right wrist. During surgery,
metal screws were applied to stabilize the radial during
the healing process. About 1 month after surgery, an HS
with a raised and dark red appearance developed on her
hand. Afterward, she underwent silicone sheet therapy to
increase scar maturation and improve the appearance of
the HS. However, the silicone sheet frequently debonded.
For example, the silicone sheet would debond when she
sweated (wet skin), came into contact with other surfaces
due to the friction (excessive friction between the silicone
sheet with the desk when typing on a keyboard, or with
the bed sheets while she slept at night). To address these
problems, a bespoke HS treatment that combines pressure,
silicone gel, and silicone sheet therapies was designed for

the patient. During the study, she was ordered to wear a
customized pressure sleeve with a silicone insert at all
times except when she had to bathe or apply the silicone
gel, which was done twice a day. The study was approved
by the Human Subjects Ethics Sub-committee of The
Hong Kong Polytechnic University (Reference Number:
HSEARS20171214001) and Joint Chinese University
of Hong Kong-New Territories East Cluster Clinical
Research Ethics Committee (CREC Ref No: 2018.467).

2.2. Evaluation of current treatment

Current treatment with silicone sheets is problematic in
that the silicone sheet debonds from the skin. To evaluate
the adhesion between the silicone sheet and skin under
different conditions, ASTM D5169 Standard Test Method
for Shear Strength (Dynamic Method) of Hook and Loop
Touch Fasteners was referenced and the Instron 5566
universal mechanical test frame was used. Pigskin was
used to represent human skin, which was cleaned using
a nonionic detergent and then padded dry with paper
towel. The size of the specimens is 2.54 x 7.62 cm. The
temperature of the wrist is approximately 34 — 36°C
depending on the activity and the environment*4],
Testing was therefore carried out in a temperature-
controlled chamber and the specimens were kept at a
temperature of 35°C to simulate normal skin temperature.
In the experiment, two different commercial silicone
sheets, CICA-CARE and Mepiform®, were evaluated
under four different skin conditions, which are normal dry
skin and skin separately coated with three different types
of scar care gels, which are SILBIONE BLEND 4001
(Elkem), Hiruscar®, and Contractubex®. The suggested
dosage and mode of application are discussed as follows.

2.3. Design framework

Figure 1 illustrates the overall design framework that
involves the combination of three different types of
therapies. The details will be discussed in the following
sections.

(1) Three-dimensional scanning and modeling

The first and second steps of the design framework are to
conduct 3D scanning and modeling (Figures 1A and B).
The geometry of the wrist and shape of the HS of the
patient was obtained using a structured light handheld 3D
scanner (Artec Eva, Luxembourg). The scanner captures
the texture and color of the scanned object which is
convenient during the silicone insert modeling process
to differentiate between the healthy skin and HS. The
scanned data were registered using Artec Studio 13 and
then imported into a 3D model processing software (3ds
Max, Autodesk). To create a model that corresponds with
the scar, a box object with a similar length and width
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Figure 1. Schematic of workflow of patient specific pressure sleeve with silicone elastomer insert. (A) 3D scanning to obtain geometry and
texture of hand and HS. (B) 3D modeling of a silicone elastomer which fits the HS. (C) Flattening of 3D model as pattern for pressure sleeve.
(D) 3D printing of silicone elastomer on fabric by using extrusion-based 3D printer and photo of the printed silicone on fabric. (E) Producing
pressure sleeve by applying stitches on the patterns. (F) Developing the FEM including the pressure sleeve, bone, silicone, and hand models.
(G) Validation of the FEM for pressure through wear trial. (H) Pressure optimization through FEA. (I) Photo of the final pressure sleeve

with customized silicone elastomer insert.

of the HS was first created and the thickness had to be
larger than the height of the HS. Then, the box model
was moved to the area where the HS was submerged into
the box model. The boundaries of the box model were
adjusted to the shape of the HS boundaries based on the
scanned color of the HS and hand by moving the vertex
or edges of the box model. Note that the number of length
and width segments of the box model has to be adequate
to carry out the boundary adjustment process. Once the
boundaries of the silicone elastomer model fit with those
of the HS, a Boolean operation can be done to subdivide
the overlap volume of the silicone elastomer and hand
model. The modeling process is shown in Figure 1B. The
created model can be saved as a stereolithography (stl)
file for the 3D printing process. Once the insert model
was created, the coordinations of the model were rotated
and adjusted to the proper position for the 3D printing of
silicone onto fabric.

(2) 3D printing and patterning

The third and fourth steps of the design framework are
3D printing of silicone elastomer on the pressure sleeve

and the patterning of the pressure sleeve (Figures 1C
and D). Before the silicone insert model was imported
into the 3D-printer (3D-Bioplotter® Manufacturer
Series), a slicing process was done to determine the
number of printed layers and the path of printing for each
layer. A biocompatible silicone elastomer (SILBIONE®
RTV 4410 1:1 A&B) was mixed with 0.2 and 2 wt%
of a silicone thickener (THI-VEXTM) and degassed
respectively for the 3D printing process. The settings of
the 3D printing process and the specifications of the warp
knitted fabric are shown in Supplementary Tables 1
and 2, respectively. A multi-viscosity printing technique
developed by our team was adopted. The silicone mixture
with lower viscosity was extruded through the nozzle
of the 3D printer and deposited onto the warp knitted
fabric to improve the adhesion between the silicone
and fabric. Apart from the first layer of printing, higher
viscosity print mixture was adopted to maintain the form
accuracy of the silicone part. The shear force of the
sample constructed using the multi-viscosity technique
was increased from about 10 to 60 N in comparison to
normal printing approaches which should be sufficient
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for the application*”). Once the silicone insert was printed
and cured on the fabric, it was ready for adherence to the
pressure sleeve. The sleeve pattern was created using
ExactFlat for Rhino 3D software based on the scanned
geometry of the patient hand. The hand model was
separated at the radial and ulnar sides of the wrist with
two patterns. Since the created patterns are based on the
scanned image of the hand geometry, no pressure can be
exerted onto an HS and inhibit its growth. Therefore, a
reduction of the sleeve circumference is required to create
an effective level of pressure to treat the HS. In this study,
a reduction factor of 10% was applied which is a common
value for pressure garments 341, After the patterns were
reduced to the appropriate size, the patterns were stitched
together in the fifth step of the workflow (Figure 1E).

(3) Finite element analysis for pressure optimization

After the pressure sleeve was produced, sub-models of the
carpal bones, pressure sleeve, silicone elastomer, and hand
were constructed using FEA software (MSC Marc/Mentat)
(Figure 1F). The material properties of the hand, sleeve,
and silicone were obtained with reference to the literature
and the experimental results in Yu et al. and Wu et al 53,
The material properties and parameters are listed in Table
S3. To validate the accuracy of the FE contact model, the
subject was invited to participate in a wear trial to measure
the interface pressure produced by the pressure garment
and silicone elastomer using the NOVEL Pliance X system
(Figure 1G). The system has been objectively evaluated
and validated for accuracy by different scholarst®>*!, In
total, four positions were marked on the subject, including
the center of the HS, and the ulnar, radial, and back of
the hand which are horizontally aligned with the HS
landmark. Through the FEA, the pressure distribution on
the hand from the silicone elastomer samples with five
different thicknesses of 1, 2, 3, 4, and 5 mm (the smallest
thickness was considered) and two pressure sleeves
with circumference reduction factors of 5% and 10%
were systematically evaluated (Figure 1H). A pressure
threshold of 25 mmHg was exerted onto the hypertrophic
scarred area for effective treatment while preserving
the wear comfort with the least amount of pressure on
the other parts of the hand; this is as the optimal design
criterion of the pressure sleeve (Figure 11).

3. Results and discussion

3.1. Evaluation of current treatments

Conventionally, the silicone sheet applied onto an HSs
is larger than the HS itself, especially with smaller scars.
Otherwise, the silicone sheet would easily debond,
causing inconvenience to the patient. Moreover, there
are negative impacts, such as excessive sweating, when
the silicone covers the healthy skin. To minimize these

unfavorable effects, we adopted 3D printing to fabricate
a customized silicone elastomer so that it is the same
size as the HS. The elastomer is directly attached to the
pressure sleeve so that the debonding of the silicone sheet
is remedied. Figure 2A shows the differences between a
conventional silicone sheet and our 3D printed silicone
elastomer.

Another issue that we observed about the silicone
sheet is that it may not adhere to skin with just any
type of scar treating gel. To further confirm this issue,
we used ASTM D5169 to assess the adhesion between
the silicone and skin under various conditions. The
schematic of the test and photo of the sample are shown
in Figures 2B and C, respectively. Figure 2D shows that
when any random type of scar treating gel is used, lower
shear forces results when compared to skin without the
use of any treating gel. When comparing the effect of the
three different types of gels, SILBIONE BLEND 4001
has a small effect on the shear force, while Hiruscar® has
the worst performance. The pigskin samples that used
Hiruscar® showed an approximately 3-fold and 8-fold
reduction of the maximum shear force with the CICA-
CARE and Mepiform® silicone sheets, respectively. This
indicates that the application of scar treating gel can
further aggravate the problem of silicone sheet debonding.
The poor adhesion of the silicone sheet to gel-coated
skin might be a possible challenge, so HS therapy that
combines the use of a silicone sheet and silicone gel, such
as an onion extract gel, has been seldom discussed in the
literature. In our proposed therapy, the silicone elastomer
is attached to the pressure sleeve which is secured by the
corresponding pressure so that the adhesion of the silicone
to the skin with silicone gel is not a problematic issue.

3.2. Finite element model and validation of
simulated result

Figure 3 illustrates the components of the developed
FEM and the simulation process. The FEM simulates the
wear process of the hand sleeve. The silicone elastomer
was secured onto the model of the hand to prevent any
unanticipated movement during the simulation process.
Since the circumference of the pressure sleeve is smaller
than that of the hand, a face load was applied on the shell
elements of the pressure sleeve so that it stretched to
fully fit and came into contact with the hand. During the
stretching of the pressure sleeve, the sleeve was shifted
toward the hand, and then the face load was applied.
The pressure sleeve then recovered to its original size
and came into contact with the silicone elastomer and
the hand to simulate the pressure applied by the pressure
sleeve. In this study, the friction between the hand and
the fabric of the sleeve was neglected. The interface
pressure produced by the pressure sleeve and silicone
elastomer was observed at the end of the simulation. The
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sleeve size and the thickness of the silicone elastomer
were adjusted before the next simulation was carried
out until all the parameters were tested. To validate the
accuracy of the FEM, the simulation result of a 2 mm
thick silicone elastomer and a reduction factor of 10%
of the sleeve were compared with the experimental
result. The landmark positions are shown in Figure 4A.
The experimentally obtained and simulated interface is
compared in Figure 4B. The differences among the four
different positions are within 5%, which is an acceptable
margin of error to predict the amount of pressure.

3.3. Effect of silicone elastomer and garment size

The results of the simulated interface pressure that is exerted
onto the HS, radial, ulnar, and back of the hand with the
five different thicknesses of the silicone elastomer and two
different pressure sleeve conditions are shown in Figures SA-
D, respectively. The interface pressure is proportional to the
thickness of the silicone elastomer for both sleeve conditions
(Figure 5A). A reduction factor of 10% in the circumference
of the sleeve without the use of a silicone elastomer and a
reduction factor of 5% with a 1 mm thick silicone elastomer
show an exerted pressure of 20 mmHg onto the HS area.
However, the pressure exerted onto the other areas with a
reduction factor of 5% in the circumference of the sleeve
along with a 1 mm thick silicone elastomer is significantly
lower than the sleeve with a reduction factor of 10% in
circumstance, with a decline of about 43% (radial and
ulnar) and 50% (back). This indicates that customized 3D
printed silicone elastomers can exert localized pressure
onto the front side of the hand. The sleeve with a reduction
factor of 5% also enables ease of wear and preserves the
wear comfort in respect to the practical use of the pressure
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garment. When the garment size is much smaller than the
body part, the patient will be not able to independently don
the garment by him/herself and his/her skin might even
get caught by the fastener. In considering the efficacy of
treatment, we used a silicone elastomer with a thickness of
2 mm and a reduction factor of 5% of the circumference
of the sleeve to exert approximately 25 mmHg of pressure
onto the HS, as recommended in the literature. Compared
to the treatment regimen of conventional pressure therapy
that prescribes a reduction factor of 10% without the use of
a silicone insert, the optimal pressure dosage applied to the
HS here is on average about 20 — 25 mmHg. Furthermore,
the pressure dosage on the other parts of the body is reduced
by around 60%, 56%, and 80% for the ulnar, radial, and
back of the hand, respectively, which result in reduced
pressure discomfort. Figure 6 shows the complete pressure
distribution of the hand based on the treatment regimen of
conventional therapy and the optimized parameters in this
study. The literature on pressure garment therapy indicates
that when the pressure dosage exceeds 30 — 40 mmHg,
discomfort, and potential harm to the body part, such as
maceration and paresthesia may occur?+, To prevent
these issues, the insertion of a silicone elastomer into a
garment with a reduction factor of 10% and the insertion of
a silicone elastomer with a thickness of 4 mm or more into
a garment with a reduction factor of 5% should be avoided
when the mechanical properties of the fabric used are similar
to those in this study. The plotted force extension of the warp
knitted fabric is shown in Supplementary Figure 1.

3.4. Demonstration of the combined therapies

Figure 7 demonstrates the appearance of the HS before
the patient underwent the prescribed combined therapy in
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this study, and after 1 year of following the therapy. The
sleeve was worn for at least 23 h each day and silicone
gel was applied twice a day. It can be clearly observed

that the HS was reduced in thickness and pigmentation,
thus showing an improved appearance. The problem
of the debonding of the silicone sheet was resolved so
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that the negative effect of the treatment was minimized.
The patient reported that the placement of the silicone
elastomer remained securely attached even during a
badminton game and she did not experience any negative
impacts in comparison to conventional silicone sheet
treatment. Since HS treatment usually requires more
than a year, the tension of the fabric of the pressure
garment can gradually decline, resulting in a lower level
of pressure exerted. Therefore, it is suggested that the
level of pressure should be monitored every 3 months
to ensure treatment efficacy. If the amount of induced
pressure significantly declines, the pressure garment
will need to be adjusted or a new garment will need to
be prescribed. Although the application of this combined

therapy can reduce the scar thickness and pigmentation,
further investigation of the effect of the use of the silicone
sheet, silicone gel, and pressure as a form of combined
therapy should be conducted through randomized clinical
trials in the future.

4. Conclusion

Conventional silicone sheet treatment has a positive
effect in the healing process of HSs. However, the
debonding of the silicone sheet may affect the treatment
compliance and therefore the treatment efficacy. In this
study, we found that the scar treating gel reduces the
adhesion of the silicone sheet. Therefore, using both
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silicone sheet and scar treating gel is not recommended
for treatment of HSs. Instead, we propose a novel
bespoke HS treatment involving a combination of 3D
scanning, 3D printing, FEA, computer-aided design,
and manufacturing software. The 3D printed silicone
elastomer that only covers the HS itself is secured to
a bespoke pressure sleeve. Since the silicone sheet is
secured by the pressure from the sleeve, any type of scar
treating gel can be applied at the same time. Using an
FEA, the pressure dosage for the HS can be accurately
modified, which in this case, is approximately 25 mmHg
for the effective management of HS. Most importantly,
the unnecessary pressure exerted on normal skin can be
reduced by approximately 60%, 56%, and 80% at the
ulnar, radial, and back of the hand, respectively. In this
case study, the suggested treatment provides a significant
effect in reducing the scar thickness and pigmentation.
Also, there is no adverse effects of the hybrid pressure
and silicone therapy found. The developed design
framework and production of the pressure garment can
contribute to new insights for future HS therapies and
new customized clinical products for scars.
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