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Abstract

Medical device-related pressure ulcers (PUs) (injuries) are a subclass of PUs,
associated with pressure and/or shear applied by a medical device onto the
skin. Clinical application of a cyanoacrylate liquid skin protectant (CLSP)
under the contours of skin-contacting medical devices to shield an intact
skin from the sustained mechanical loads that are applied by medical
devices is a preventative option, but no computer modelling work has been
reported to assess the biomechanical efficacy of such interventions. Here,
we investigated the biomechanical protective effect of a polymerised cyano-
acrylate coating using three-dimensional, anatomically realistic finite ele-
ment models of the ear with oxygen cannula and the mouth with
endotracheal attachment device, informed by experimental studies. We
have compared tissue stress exposures under the devices at these facial sites
between conditions where the cyanoacrylate skin protectant has been
applied or where the device was contacting the skin directly, without the
shielding of the cyanoacrylate coating. The CLSP considerably reduced the
skin stress concentration levels and overall tissue stress exposures under
the aforementioned medical devices. This demonstrates strong biomechani-
cal effectiveness of the studied cyanoacrylate-based skin protectant in pre-
vention of facial medical device-related injuries at small, curved and
thereby difficult to protect facial sites.
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Key Messages

« Medical device-related pressure ulcers (injuries) are a growing concern

« A cyanoacrylate skin protectant can be applied at skin-device contact
regions
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1 | INTRODUCTION

Pressure ulcers (PUs) are defined as localised damage to
skin and/or underlying tissues as a result of prolong pres-
sure or pressure in combination with shear." Medical
device-related pressure ulcers (MDRPUs) are a sub-class
of PUs, associated with such pressure and/or shear
applied by a medical device onto the skin.* The differen-
tial diagnosis is that MDRPUs usually conform to the
contours of the specific skin-contacting device that was
applied. The incidence and prevalence of MDRPU cases
in intensive care units (ICUs) range between 0.9-41.2%
and 1.4-121%, respectively, reflecting heterogeneity in
data collection and reporting.®> In non-ICU settings, the
pooled incidence and prevalence reported in a recent sys-
tematic review and meta-analysis are 12% and 10%,
respectively.* Facial tissues are commonly affected by
MDRPUs as ventilation, assisted breathing, and enteral
feeding all require application and attachment of devices
and tubing to the head.>® Accordingly, facial MDRPUs
are often reported to be caused by an oxygen cannula
above the ear or on the upper lip where an endotracheal
tube attachment device (ETAD) has been applied.®*! It is
noteworthy that MDRPUs can be easily infected and
deteriorate to sepsis and osteomyelitis, which lengthens
the hospital stay and increases the healthcare costs and
would typically leave severe facial scars with high psy-
chological impact.'">'* In addition, being a hospital-
acquired injury by definition, MDRPUs are considered a
matter of patient safety and healthcare quality and may,
therefore, lead to malpractice lawsuits against the facility
and healthcare workers involved in the case, also
resulting legal and insurance expenses.**’

Although nursing staff are often using dressing cuts pro-
phylactically to cushion facial sites at-risk of MDRPUS,"® this
is not always possible or appropriate, particularly at anatomi-
cal regions that are small and/or highly curved, with facial
sites often presenting the most challenging scenarios. The
Marathon cyanoacrylate liquid skin protectant (CLSP) man-
ufactured by Medline Industries Inc. (Northfield, Illinois)
consists of cyanoacrylate-based monomers that polymerise
when they make contact with moisture on the skin surface.
This CLSP chemically bonds to the epidermis, creating a
strong, continuous shield to the skin, irrespective of the size
or curvature of the region of application.'® The clinical

« We investigated the biomechanical protective effects of cyanoacrylate

« Facial tissue interactions with oxygen delivery devices were modelled
« The studied cyanoacrylate product effectively protects skin and subdermally

literature demonstrates that CLSP is effective in treating
fissures and protecting peristomal skin,"*** which confirms
recently published theoretical®! and laboratory®* results, both
demonstrating that CLSP considerably increases the
mechanical durability of skin at the sites of application. The
mechanisms of action of the CLSP in increasing the durabil-
ity of skin have been identified in the aforementioned bioen-
gineering work as there is increase of the flexural stiffness of
treated skin and concurrently decrease of the coefficient of
friction (COF) of treated skin with contacting materials.**
Nevertheless, computer modelling work to test the biome-
chanical efficacy of CLSP in the specific context of preventing
MDRPUs has not been reported thus far.

Here, we present state-of-the-art, anatomically realis-
tic computer models of common facial MDRPUs, specifi-
cally associated with use of an oxygen cannula and
ETAD, which facilitated detailed and rigorous testing of
the protective biomechanical efficacy of the above CLSP
in prevention of MDRPUs linked with these devices. Rel-
evant experimental work has been conducted and is
reported here, in particular with regard to the COF of
treated skin with medical device materials, as this
information was unavailable in the literature and was
required for the present research to accurately determine
the performances of the studied CLSP. The present work
provides comprehensive and clinically relevant evidence
demonstrating the strong biomechanical efficacy of CLSP
in prevention of facial MDRPUs in patients who are in
need of breathing support.

2 | METHODS
2.1 | Measurements of the elastic
modulus of the polymerised CLSP

To measure the elastic modulus of the polymerised CLSP,
uniaxial tensile tests were conducted using an electrome-
chanical testing machine (model 5944, Instron Co.,
Norwood, Massachusetts). We followed a modified proto-
col based on the ASTM D882-02 standard test method for
determining the tensile properties of thin plastic sheets.
A load cell with a measurement range of 0.04 to 10 N and
accuracy of +0.5% has been used. The grip separation
speed has been set as 5 mm/min. Given that the CLSP
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applicator produces a thin CLSP layer (in the order of a
few tens of micrometres),23 which strongly adheres to
substrata onto which it is applied, it was not feasible to
test the polymerised CLSP material in isolation. Compos-
ite test specimens were therefore produced, by applying
the CLSP to rectangular plastic carriers with thickness of
30 pm, grip length of 50 mm, and width of 15 mm. We
first tested the above plastic carriers separately (five speci-
mens), and these tests indicated that the elastic modulus of
the plastic carriers themselves (E,;) was 103.7 + 7.2 MPa.
The composite test specimen thicknesses (fcomposite) Were in
the range of 63 to 86 pm, that is, the thickness of the poly-
merised CLSP applied above the plastic substrata (¢c;sp) was
33 to 56 pm (N = 5 specimens), which resembles the thick-
ness of application of this CLSP in real-world conditions.*"
All the thickness measurements were performed using a
micrometre (Holex-421 505, Hoffmann Group Co., Munich,
Germany) with resolution of 1 pm, and 18 measurement
points were taken per each specimen to account for any
potential surface roughness or waviness. We then tested the
plastic-CLSP composite specimens under tensile loading
using the aforementioned grip separation speed to extract
the elastic modulus of the polymerised CLSP (Ecysp), in iso-
lation from that of the plastic carrier, as follows:

Ecomposite . tcomposite - Epc . tpc
Ecrsp = ’ 1)
fcLsp

where Egomposite iS the measured elastic modulus of the
plastic-CLSP composite (146 + 24 MPa). Substituting
the abovementioned dimensions and the E,. data in
Equation 1 resulted in that the Ecygp is 173 + 38 MPa.

2.2 | Coefficient of friction studies

We have measured the coefficient of friction (COF) proper-
ties of epoxy and native skin tissues, before and after
treating these substrata with the present CLSP, against com-
mon skin-contacting materials used in medical devices asso-
ciated with MDRPUs. The protocol of Schwartz et al** has
been followed for the COF measurements described later.

2.2.1 | The substrata for the COF
measurements

Three types of COF measurement tests have been per-
formed, differing by the substrate on which the CLSP
was applied. The first test type was performed on epoxy
sheets, on which the CLSP was uniformly applied. The
second test type was performed on avian (femoral) skin
that has been thoroughly cleaned from feathers. These

specimens were obtained from animals bred for food and
slaughtered 1 day prior to the testing. The aforemen-
tioned avian skin samples were kept refrigerated from
the time of slaughtering to the time of testing. Of note is
that the interfollicular skin of birds consists of the same
basic layers as that of mammals, that is, epidermis, dermis,
and hypodermis; however, birds have a thin and delicate
epidermis compared to other vertebrates, which in the
context of the present work can be considered to represent
a fragile human skin.”® The avian test specimens were at
approximate sizes of 70 x 70 mm. The CLSP adhered well
to all the avian skin specimens and has created a uniform
coating layer on each. The third type of COF measure-
ments was performed on fresh porcine skin samples with
sizes of 90 x 180 mm, harvested from the ventral area of a
3-month-old female, local domestic commercial pig, which
was used for a different, unrelated acute study. The skin
samples were excised from the corpse by an expert surgical
veterinarian at the Sheba Medical Center (Ramat-Gan,
Israel), under permission (covered in the original study
approvals) to excise tissue specimens for further laboratory
testing. The samples were extracted immediately after
euthanasia and testing commenced within approximately
30 minutes thereafter, thereby avoiding freezing or other
potentially destructive methods of tissue preservation. The
samples were carefully shaved before the testing. Similarly
to its interaction with avian skin, the CLSP adhered well
to the porcine skin and was evenly distributed.

2.2.2 | The medical device materials used for
the COF measurements

The present COF measurements were performed by all-
owing the above synthetic and skin tissue materials to fric-
tionally slide against common skin-contacting materials
used in medical devices associated with MDRPUs. We spe-
cifically tested medical grade polyhexahydrotriazine (PHT),
which is used for manufacturing of endotracheal tube (ETT)
products; polyvinylchloride (PVC), which is used for pro-
duction of oxygen cannula products; and low-density poly-
urethane (PUR) foam, which is commonly used for padding
skin-contacting medical devices. All these materials were
cut and glued to a flat metallic surface, onto which a circu-
lar steel weight (170 g) was applied to ensure tight contact
conditions with the aforementioned interfacing substrata.

2.2.3 | The measurements of the coefficients
of friction for the medical device materials

All the present COF measurements were conducted
using an electronically controlled tilting table tribometre
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Steel weight with fixed
medical device material

Porcine skin
sample

FIGURE 1 Measurements of the coefficient of friction of
porcine skin treated with a cyanoacrylate liquid skin protectant in
interaction with medical device materials: the tilting table

tribometre system

(Figure 1), which has been developed in-house and was
used in our previously published work.** A test specimen
with substrate of either epoxy or (avian/porcine) skin tis-
sue was mounted on the plate of the tilting table and a
medical device material fixed to the inferior surface of
the circular steel weight was applied on top of the said
specimen (Figure 1). The angle of the plate of the tilting
table was then gradually and slowly increased, by means
of a computer-controlled electrical motor. When sliding
of the weight initiated, an electrical switch opened
instantaneously, causing the motor to immediately stop.
The friction angle (8), which is the angle of the plate at
which frictional sliding had started, was then measured
using an inclinometer (smartphone application) software;
this inclinometer was carefully calibrated at the start of
each set of experiments. For each set of reported COF
properties, at least five measurements were performed,
and the static COF was calculated as tan (9).

The first test type was performed on the CLSP-treated
epoxy sheets to identify any potential dependencies of the
measured COF on the type of the substrate onto which
the CLSP has been applied. In other words, we sought to
compare the COF of the CLSP applied on epoxy with that
of CLSP applied to skin (in interaction with the different
medical device materials) to determine if the CLSP forms

a sufficiently solid and stiff coating layer so that the fric-
tional interactions occur between the CLSP and medical
device materials, regardless of the underlying (tissue)
materials.

The second and third types of friction tests were
performed using avian and porcine skin, respectively,
to test the potential reduction in the static COF due to
application of the CLSP on these skin specimens.
Although we have tested avian skin here, due to its
thin epidermis (which is relevant to fragile human skin
as mentioned earlier), we considered the porcine tests
as the ones that are most representative of common
patient conditions, for two main reasons: (a) porcine
tissues are mammalian, and (b) fresh porcine skin is a
well-established model for human skin in the wound
care literature. Accordingly, for the porcine skin tests,
we controlled the ambient conditions as well: the tem-
perature and relative humidity were carefully
maintained at 25°C and 70%, respectively. At least five
repetitions were conducted for each COF test of a cer-
tain medical device material in contact with skin
(avian or porcine) and each such set was conducted
with the CLSP applied as a barrier between the device
material and skin, and also when no CLSP was present,
for the purpose of statistical comparisons. For the latter
statistical comparisons, we ran unpaired, two-tailed ¢-
tests, separately per each skin type and for all kinds of
the studied medical device materials, to determine
whether the effect of the CLSP treatment on skin
(avian or porcine) had significantly reduced the static
COF. A P value lower than 0.05 was considered statisti-
cally significant.

The results of all the above-mentioned COF studies,
used as input data for the computational modelling work
as described further later, are plotted in Figure 2. The
effects of the substrate type on the static COF of the CLSP
were statistically indistinguishable, as epoxy and skin
substrata treated with the present CLSP yielded similar
COF values in interaction with each specific device mate-
rial (Figure 2A), indicating that the frictional sliding
interaction had always occurred between the CLSP coat-
ing and the device material. Treating the skin specimens
with the CLSP significantly reduced the static COF for
both the avian (Figure 2B) and porcine (Figure 2c) skin
(P < 0.01). For the porcine skin studies, which we con-
sider here as the most representative ones in the context
of human PU research given the structural and physio-
logical similarities of pig skin to human skin, we found
that application of the CLSP reduced the static COF by
57%, 58%, and 39% for the PVC, PHT, and PUR device
material types, respectively (P < 0.01). These percentage
reductions (Figure 2B) have been used in our further
modelling work reported later.
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2.3 | Computational modelling of
application of medical devices on
facial sites

2.3.1 | The modelled facial anatomical areas
and their geometry reconstructions

Two different finite element (FE) models were developed
in this work to study common facial MDRPUs in
patients: (a) an ear model in interaction with an oxygen
cannula; (b) a mouth region model in interaction with an
ETAD. Application of CLSP has been simulated in both
model types, which facilitated standardised comparisons
of the facial tissue loading states at each facial site post
application of the CLSP versus the (reference) no-CLSP
condition.

Both the ear and the mouth region models were cre-
ated using the Scan-IP module of the Simpleware

segmentation software package®® (Synopsys, Mountain
View, California) based on the Visible Human (male)
Project image database.>’ The ear model (Figure 3)
incorporated the relevant detailed three-dimensional
anatomy of the left ear with segmented skin and carti-
lage structures, along with subdermal fat and skull bone
of that region. The total volume of the ear model was
40 x 75 x 88 mm. An oxygen cannula with its support
tube has been added above the (left) ear at its clinically
relevant position, which is where MDRPUs associated
with this particular device are frequently reported
(Figure 3A). The inner and outer diameters of the sup-
port tube of the aforementioned oxygen cannula were
2 mm and 3 mm, respectively*® (Figure 3B). The length
of the modelled segment of this support tube was
20 mm (Figure 3B), which allowed the mechanical
boundary conditions to apply far enough from the tube-
skin contact area.
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FIGURE 3
model: A, clinical presentation

The ear injury

of a device-related pressure ulcer
caused by an over-the-ear
oxygen nasal cannula.28 B,
Computational (finite element)
modelling of the interaction
between the left ear and an
oxygen cannula support tube.
The geometrical configuration
and the pressure and shear
loading conditions that are
forming between the tubing and
skin are shown. CLSP,
cyanoacrylate liquid skin
protectant

Oxygen cannula
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Skull CLSP layer
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Jaw ——
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The second model type, of the mouth region
(Figure 4), was based on previously published facial
modelling work of our group,’®** which has been
adapted for the purposes of the current study. Similarly,
we chose to model a common MDRPU scenario caused
by interaction of the skin above the upper lip with an
ETAD (Figure 4A). The volume of the mouth region
model was 77 x 82 x 89 mm. An anchoring support
foam, which is part of the ETAD kit, has been added on
the facial skin in this model type, again at its clinically-
relevant position, above the upper lip (Figure 4B), with
dimensions of 22 x 10 x 5 mm, which represents sizes of
commercial ETADs.

Application of a 20-pm-thick'® layer of CLSP has
been considered in each of the two model types (ear
and mouth). However, in order to determine the

potential influence of the thickness of the applied
CLSP coating on the tissue loading states and as part
of our sensitivity analyses, we have also examined
additional ear model variants where the CLSP layers
were 40 pm and 60 pm thick. In clinical practice
terms, these thicker CLSP layers would represent topi-
cal re-application of the CLSP, twice or three times,
respectively, at layers that are 20 pm thick at each
time of application.

The dimensions of the CLSP region for the ear model
were approximately 15 x 7 mm, representing minimal
application of this intervention under the oxygen cannula
support tube (Figure 3). Likewise, the CLSP layer on
facial skin above the upper lip in the mouth region model
represented a minimum application area of 30 x 12 mm
under the anchoring foam of the ETAD.
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FIGURE 4 The lip injury model: A, clinical presentation of a
device-related pressure ulcer caused by an endotracheal tube
attachment device (ETAD).

The image is courtesy of Dr Michelle Barakat-Johnson (The
University of Sydney) and Thomas Leong (Royal Prince Alfred
Hospital) of New South Wales, Australia. B, Computational (finite
element) modelling of the interaction between the facial tissues
above the upper lip and an ETAD. The geometrical configuration
and the pressure and shear loading conditions that are formed
between the ETAD and skin are shown. CLSP, cyanoacrylate liquid
skin protectant

2.3.2 | Mechanical behaviour and properties
of the model components

The material models and properties used in both FE
model types are specified in Table 1. The skull and man-
dible bones were assumed to be isotropic and linearly
elastic materials. All the soft tissues of the face excluding
skin (ie adipose, ear cartilage, lips, and mucosa tissues)
and all the synthetic polymer materials (ie the oxygen
cannula support tube, the anchoring support foam, and
the CLSP) were assumed to behave as isotropic
and hyperelastic neo-Hookean materials with a strain
energy density function* as follows:

W=

NI=

(fi-3)+ 50~ 17, @

where u and D, are material-specific properties (Table 1),
I, is the first deviatoric strain invariant, and J =det(F)

P WiLEy-L =

where F is the deformation gradient tensor. Skin tissues
in both model types were assumed to be isotropic and to
obey the following hyperelastic, second-order Ogden
strain energy density function**:

[\e]

i 1= —0X -0
_I;(’llk‘mzk+’13k_3)+]7(]—1)2’ (3)

2
W:
k=1 "k 1

where 2;=J73}; are the deviatoric principal stretches;
J=det(F); and py, ax, and D, are the material-specific
properties reported by Flynn and colleagues, based on
their in vivo experiments in human facial skin.*® For sensi-
tivity analyses (conducted for the ear model), we further
considered a possible +30% variation in the value of the
aforementioned g, parameter to account for the well-
documented biological variability and age-related changes
in skin stiffness.**

The elastic modulus of the CLSP has been deter-
mined as the mean empirical Eq;sp value measured in
our CLSP mechanical characterisation experiments
described above (in Section 2.1). However, for the ear
model and as part of our present sensitivity analyses,
we have also considered variations of +2 SDs around
the mean measured E.;sp value, to account for nearly
the entire range of possible stiffness outcomes of the
polymerisation of the CLSP on skin (again reflecting
the potential impact of biological variability in skin
responses). In both model types, all the soft tissues
were assumed to be nearly incompressible, with a
Poisson's ratio of 0.495.

2.3.3 | Boundary conditions and interfaces

Displacement boundary conditions for the ear model
included 3.5 mm-downward and 2 mm-horizontal dis-
placements that were applied on the support tube against
the superior surface of the ear. An upward reaction force
of 0.55N (~56 g), which formed between the support
tube and the ear, was considered for the comparison of
the tissue-loading states between the simulation with the
applied CLSP and the one with no CLSP. Boundary con-
ditions for the mouth region model included displace-
ments of the anchoring support foam by 4 mm and 3 mm
perpendicularly and in parallel to the skin surface,
respectively. For the mouth region model, the (upward)
reaction force level for comparison of the tissue loading
states in the model variants with versus without the
CLSP was chosen to be 0.6 N (~61 g). The back surfaces
of both the ear model (Figure 3) and the mouth region
model (Figure 4) were fixed for all translations and rota-
tions. The other cross-sectional surfaces in both model
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TABLE 1

Mechanical properties and elemental data for all the finite element model components

Number of mesh elements

Model component Material model Material properties Ear model  Upper lip model
Skin® Second-order Ogden a =21, a, = 35.24 171 064 139 967

41 = 50.4 (kPa), u, = 0.0003 (kPa),

D; = 0.0004 [2]

Instantaneous shear Poisson's ratio, v

modulus, u (kPa)

Adipose® Neo-Hookean 0.286 0.495 187 332 199 834
Ear cartilage® Neo-Hookean 381 0.495 47 432 —
Lips and mucosa®® Neo-Hookean 11.2 0.495 — 81 856
CLSP layer Neo-Hookean 59.1x 10° 0.46" 4458 7635
Skull® Elastic 2.701 x 10° 0.2 54 480 65 084
Mandible® Elastic 2.03x10° 0.23 10 158 15 498
Oxygen cannula support tube Neo-Hookean 1.1x10% 0.364) 43 890 —
Anchoring support foam* Neo-Hookean 5.9 0.3 — 7372

Abbreviation: CLSP, cyanoacrylate liquid skin protectant.
3Flynn et al.*

Sopher et al.>*

“Bos et al.*

Luboz et al.*®

°Gefen and Haberman et al.*’
'Ferreira et al.*®

&Moore et al.*’

"Horgan et al.*’

"Thompson US patent 7614401. %
JKoda et al.*

kpeko et al. *?

types were constrained for any normal movements, for
achieving numerical stability.

Frictional sliding was defined in the ear model at the
contact site between the support tube of the oxygen can-
nula and the skin of the superior ear. Likewise, frictional
sliding was also defined at the contact region between
the anchoring support foam and the skin above the upper
lip. The literature specifies that the COF of the support
tube material with dry skin is 0.55,* and that of the
anchoring foam material with dry skin is 0.7.*° The per-
centage reductions of COF values due to application of
the CLSP, as reported in this work for fresh porcine skin,
have therefore been applied to extrapolate the reductions
of the COF of the above synthetic materials with human
skin once the CLSP is present on human skin. The empir-
ical data reported in Figure 2 indicate that the reduced
COF values post application of the CLSP are 0.24 (with
respect to the 0.55 value for no-CLSP) and 0.43
(with respect to the 0.7 value for no-CLSP), for the sup-
port tube of the oxygen cannula on ear skin and for the
anchoring foam on facial skin above the upper lip,
respectively.

2.34 | Numerical methods

Four-node linear tetrahedral elements were used to mesh
the volumes of all the hard and soft tissues in both model
types. Both models were meshed using the Scan-IP mod-
ule of Simpleware®® and finer meshes were produced
locally where needed, particularly in and around areas of
device-skin contacts and within each volume of interest
(VOI) that was defined for calculation of stress outcome
measures (as reported further below). For meshing the
CLSP, 3-node triangular shell elements were used in both
model types; the CLSP elements were tied to the skin
mesh beneath it. The support tube for the oxygen can-
nula and the anchoring foam for the ETAD were created
and meshed using the ABAQUS CAE 2020 software
(Dassault Systems, Vélizy-Villacoublay, France), using
8-node and 20-node brick elements, respectively. The
numbers of elements for each of the model components
are specified in Table 1. All the simulation cases
described here were solved by means of the ABAQUS
CAE 2020 FE solver. The runtimes of the simulations
were up to 2 hours, using a 64-bit Windows 10-based
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workstation with an Intel core i7-9700CPU 3.00 GHz cen-
tral processing unit and 32 GB of random access
memory.

2.3.5 | Outcome measures

Volumetric tissue exposure to effective stresses was
selected as the primary outcome measure for evaluating
the biomechanical protective effect of the CLSP on skin
and subdermal tissues, consistent with our other publi-
shed work in the field of PU prevention.'®**"* For
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tissue stress distributions in the
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both model types (ear and mouth), and in each variant
(with CLSP versus no CLSP), volumetric soft tissue expo-
sures to effective stresses were calculated and plotted for
visual and quantitative comparisons of the tissue loading
states post application of the CLSP versus the no-CLSP
case. To facilitate such systematic comparisons, VOIs
were defined for both the ear and mouth models; the
VOI in each model type is the volume of soft tissues
under and around the contact region with the relevant
medical device (Figures 5-10). For the ear model, we have
distinguished the exposure of skin from the exposure of
cartilage to stresses and have analysed and reported these

With CLSP

Skin
in VOI

e——————————

Cartilage
in VOI
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tissue stress distributions in the
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stresses taken at the mid-plane of the
(kPa) &5 oxygen cannula support tube

(in the top row frames), with
50 (right column) versus without
(left column) application of the

40 cyanoacrylate liquid skin

30 protectant (CLSP). A, Regions
where tissue stress

20 concentrations develop are

magnified and boundaries of the
applied CLSP layer are marked
with a dotted line (mid right
frame). B, The histograms of
volumetric exposure of the ear

tissues to stresses in the
predefined volume of interest
(VOI) are plotted for skin and
the cartilage, with/without
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tissue stress exposures separately for the different tissue 3 | RESULTS
types. This allowed us to isolate the effect of the CLSP on
skin from its potential effects on the loading state of the 3.1 | The ear model

deep tissue structures of the ear. Given that a MDRPU
will most likely form where the stress levels are the
highest, we further report the percentage soft tissue vol-
umes (from the VOIs), which are exposed to effective
stress values above the median and above the fourth
quartile of the stress domain in the respective VOI, per
each model type (Tables 2-4).

The effective stress distributions developed in the tissues
of the ear model are shown in Figure 5. The stress con-
centrations that form under the oxygen cannula support
tube are clearly visible; skin (middle frames) and carti-
lage (bottom frames) in the VOIs have been magnified
for detail. The CLSP was able to reduce the skin stresses
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FIGURE 7 Sensitivity of the
stress levels in skin under the
tubing to the skin stiffness value,
for a + 30% variation in the
elastic modulus of skin (with
respect to the reference skin
stiffness case), in model variants
where the cyanoacrylate liquid

skin protectant (CLSP) is applied
(right column) versus the
corresponding no-CLSP
conditions (left column). The
boundaries of the applied CLSP
layer are marked with a dotted
line (on the frames in the right
column)

Effective
stresses
(kPa)
60
.
40
30
20
10
0

No CLSP

by approximately 40% with respect to the no-CLSP case
(middle frames), but the cartilage stresses were slightly
affected (bottom frames). Quantitative analyses of the der-
mal and subdermal volumetric tissue stress exposures in
the ear model for the CLSP versus the no-CLSP cases are
provided in Figure 6. The CLSP was shown to be effective
in reducing the volumetric exposure of ear tissues to stress
across the entire stress domain, again with a more pro-
found influence on skin (Figure 6A) than on cartilage
(Figure 6B). For skin, in particular, the protective effect of
the CLSP increased for stresses above 25 kPa; skin stress
peaks above 45 kPa, which existed for the no-CLSP case
disappeared following application of the CLSP in the

P WiLEy-L =

Skin elastic
modulus
-30%

Reference
case

Skin elastic
modulus
+30%

With CLSP

modelling (Figure 6A). The cumulative volumetric tissue
exposures to effective stresses in the VOIs are specified in
Table 2. The CLSP has been shown to reduce skin stresses
above the median stress value (30 kPa) and above the
fourth-quartile stress value (45 kPa) by ~80% and ~97%,
respectively. Consistent with the visual information in Fig-
ures 5 and 6, for cartilage, the decrease in stress values is
not so dramatic but is still considerable. Specifically, the
CLSP lowered the cartilage stresses above the median
stress value (20 kPa) and above the fourth-quartile stress
value (30 kPa) by ~31% and ~25%, respectively.

The sensitivity analyses of the ear model to variations
in the skin stiffness properties are depicted in Figure 7
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Reference
i CLSP thickness
(20 pm)

No CLSP

Effective
stresses

(kPa) CLSP thickness x2

5 60 (40 pm)

40

30

20

10
[0

CLSP thickness x3
(60 pm)

and numerically reported in Table 3. These analyses dem-
onstrated that the CLSP is similarly effective in reducing
the skin stress levels under the oxygen cannula for the
entire tested range of skin stiffnesses, including where
the skin stress concentrations were especially elevated,
which occurred for the stiffest (+30%) skin condition
(bottom frames) (Figure 7). On the contrary, changes in
the stiffness of the CLSP itself, representing potential var-
iations in the extent of the polymerisation process associ-
ated with the biological variability in individual skin

FIGURE 8 Sensitivity of the
stress levels in skin under the
tubing to the thickness of the
cyanoacrylate liquid skin
protectant (CLSP) layer, for x1,
x2, and x 3 thickness variations
(with respect to the Reference
[20]-pm CLSP layer thickness
case; top frame in the right
column), in model variants
where the (CLSP) is applied
(right column) versus the no-
CLSP condition (left frame). The
boundaries of the applied CLSP
layer are marked with a dotted
line (on the frames in the right
column)

With CLSP

responses, only had a slight effect on the protective effi-
cacy, that is, within a 3% range for stresses above the
median level and unnoticeably for stresses above
the fourth-quartile value (Table 3). Testing for the effect
of the thickness of the applied CLSP layer (Figure 8)
yielded a trend of further moderate reduction in the
stress concentration levels where the thickness grew from
20 pm to 60 pm: Stresses above the median level reduced
by up to additional 10%; stresses above the fourth-
quartile value negligibly improved. Since these were
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FIGURE 9 Effective soft
tissue stress distributions in the
upper lip skin under the
endotracheal tube attachment
device, with (right column)
versus without (left column)
application of the cyanoacrylate
liquid skin protectant (CLSP).
Regions where tissue stress
concentrations develop are
magnified and bounded by
dashed frames, which define the
volume of interest for skin
(bottom row) to facilitate the
further analyses. The boundaries
of the applied CLSP layer are
marked with a dotted line
(bottom right frame)

FIGURE 10 Effective soft
tissue stress distributions in the
upper lip skin under the
endotracheal tube attachment
device (ETAD), shown from a
cross-sectional view, with (right
column) versus without (left
column) application of the
cyanoacrylate liquid skin
protectant (CLSP). A, Regions
where tissue stress
concentrations develop are
magnified and boundaries of the
applied CLSP layer are marked
with a dotted line (bottom right
frame). It is shown that the
surface stress concentrations
spread from the ETAD-skin
contact region into the depth of
the tissue. B, The histograms of
volumetric exposure of skin to
stresses in the predefined
volume of interest (VOI) are
plotted for the case where CLSP
has been applied versus the no-
CLSP condition

Effective
stresses
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TABLE 2

Cumulative volumetric exposures to effective stresses for skin and cartilage tissues in the ear (in percentage of the total

volume of interest), in the model variants without versus with application of cyanoacrylate liquid skin protectant (CLSP)

Skin Cartilage
Above median Above the fourth quartile Above median Above the fourth quartile
No CLSP (%) 2.52 0.17 6.91 0.44

With CLSP (%) 0.5 (| 80%) 0.0053 (| 97%)

478 (| 31%) 0.33 (| 25%)

Note: The percentage decrease in tissue stress value as a result of application of the CLSP with respect to the no-CLSP case is provided in brackets.

TABLE 3

Sensitivity analysis of the ear model that included (i) variation of the skin elastic modulus by +30%; (ii) variation of the

cyanoacrylate liquid skin protectant (CLSP) elastic modulus by +2 SDs around the mean experimental value; and (iii) multiplication of the

CLSP thickness by factors of 2 or 3

Percentage tissue

volume (skin) where

effective stresses

Simulation case exceeded the median

Model variant description stress
Reference case No CLSP 2.52

With CLSP 0.5 (| 80%)
Skin stiffness +30% No CLSP 2.95

With CLSP 0.75 (| 75%)
Skin stiffness —30% No CLSP 1.72

With CLSP 0.33 (] 81%)

CLSP elastic modulus +2c With CLSP
CLSP elastic modulus -26  With CLSP
With CLSP
With CLSP

0.45 (| 82%%)
0.54 (| 79%%)
0.31 (| 88%%)
0.27 (| 89%%)

CLSP thickness x2
CLSP thickness x3

Percentage tissue
volume (skin) where

effective stresses Maximum Location of
exceeded the fourth- effective stress maximum
quartile stress value (kPa) stress

0.17 83.3 UTC
0.0053 (| 97%) 52.6 (] 37%) BOC

0.33 85.3 UTC

0.008 (| 97%) 54 (] 37%) BOC

0.083 70.9 UTC

0.005 (| 94%) 50.1 (| 29%) BOC
0.0048 (| 97%%) 54.4 (| 35%%) BOC
0.0044 (| 97%%) 51.2 (] 39%%) UTC
0.0048 (| 97%%) 54 (] 35%%) BOC

0.006 (| 97%%) 57.6 (] 31%%) BOC

Note: The percentage decrease in values as a result of application of the CLSP with respect to the corresponding value for the no-CLSP case is provided in

brackets.

Abbreviations: BOC, border of CLSP application site; UTC, under the cannula.

#*With respect to the reference case of no CLSP.

relatively mild reductions in skin stresses with each
added CLSP layer, the present results do not appear to
support a practice of repetitive applications to build a
growing thickness of the CLSP on skin.

3.2 | The mouth region model

The effective stress distributions developed in the tissues
of the mouth region model are shown in Figure 9. Again,
the stress concentrations that form under the ETAD in
the VOIs are evident, but have also been magnified for
detail (bottom frames). The highest stresses developed in
facial skin of the lateral ridges of the philtrum area,
under the borders of the ETAD foam due to its frictional
contact with the skin. The model without the CLSP dem-
onstrated considerably greater skin stress levels at the lat-
eral ridges of the philtrum area with respect to the case

TABLE 4 Cumulative volumetric exposures to effective stresses
for skin in the upper lip (in percentage of the total volume of
interest), in the model variants without versus with application of
the cyanoacrylate liquid skin protectant (CLSP)

Above median Above the fourth quartile
No CLSP (%)  6.37 1.08
With CLSP (%) 1.75 (| 73%) 0.17 (| 84%)

Note: The percentage decrease in tissue stress value as a result of application
of the CLSP with respect to the no-CLSP case is provided in brackets.

where the CLSP was applied (Figure 9). A view of
the stress state in the deeper facial tissues and quantita-
tive analyses of the stress exposures in the VOIs are
provided in Figure 10. These data demonstrate that appli-
cation of the CLSP not only protects the dermis but also
project the protective effect subdermally (Figure 10A).
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As in the case of the oxygen cannula, here as well, the
CLSP reduced the volumetric exposure of skin to stresses
across the entire stress domain. The protective effect of
the CLSP was substantial for stresses above 13 kPa; skin
stress peaks above 23 kPa, which existed for the no-CLSP
case were eliminated following application of the CLSP
(Figure 10B).

The cumulative volumetric tissue exposures to effec-
tive stresses in the VOIs of the mouth region model are
specified in Table 4. The CLSP has been shown to reduce
skin stresses above the median stress level (13 kPa) and
above the fourth-quartile stress value (19 kPa) by ~73%
and ~84%, respectively. Sensitivity analyses of this mouth
region model overall showed trends of effects that were
similar to those reported for the ear model earlier.

4 | DISCUSSION

In this work, we investigated the biomechanical protec-
tive effect of CLSP against facial MDRPUs using an inte-
grated experimental-computational approach. For the
purpose of accurately representing the studied CLSP in
our modelling work, we have measured the elastic modu-
lus of the CLSP layer and further tested the COF of this
layer (applied on excised animal skin) with medical
device materials. We focused on two common sites of
facial MDRPUs: the ear and the mouth region. For these
facial sites, we have compared tissue stress exposures at
each location during contact with a relevant medical
device (oxygen cannula for the ear, ETAD for the mouth),
between conditions where the CLSP has been applied or
where the device was contacting the skin directly, with-
out the shielding of the CLSP. The stress concentration
patterns that formed in the skin conformed to the regions
of contact with the aforementioned devices and their sites
of development were the same sites where MDRPUs
associated with oxygen cannulas and usage of ETAD
appear in real-world conditions (Figure 3A and
Figure 4A, respectively). Accordingly and as expected, tis-
sue stress concentrations associated with the compression
and shearing applied by the devices were observed in the
modelling under the two device types, with the highest
stress values appearing in the superficial skin layers.
Notably, the studied CLSP provided highly effective pro-
tection from these stress concentrations, by substantially
reducing the volumetric soft tissue exposure to stresses
under both the oxygen cannula (Figures 5-8) and the
ETAD (Figures 9-10). Specifically, for both device/model
types, the volumetric skin tissue exposure has been sub-
stantially reduced post application of the CLSP, by 73% to
80% for stresses above the median and by 83% to 97% for
stresses that make the fourth quartile of the stress range,

P WiLEy-L =

which indicates a strong biomechanical efficacy of the
studied CLSP in protecting facial skin from MDRPUs.

The above protective effect achieved by the studied
CLSP is associated with two primary biomechanical
mechanisms that act synergistically*: (a) a stress
shielding effect where the applied CLSP adds a stiff poly-
merised layer, which increases the flexural stiffness of
skin under external compressive forces; and (b) a COF
reduction effect where the smooth polymerised surface of
the CLSP reduces the frictional forces between a medical
device and the skin under the device. Regarding the first
mechanism, the more than 3 orders of magnitude stiffer
CLSP layer (u = 59.1 MPa; Table 1) with respect to the
underlying facial skin (u = 50.2 kPa; Table 1) effectively
shielded the skin (despite being only 20 pm thin) to
reduce the stress concentrations and volumetric tissue
exposure to stresses under the medical devices, as
predicted from a theoretical framework that has been
previously developed in this regard.** This has also
been confirmed in recent work by the Gibson group who
used porcine skin specimens and a gel-based skin tissue
substitute to test the coating structure and mechanical
endurance of the specific CLSP product studied here.****
With regard to the second mechanism, our present exper-
imental work revealed that application of the CLSP cau-
sed a reduction of the COF with medical device materials
that is as high as 39% to 58%, which is substantial enough
to considerably lower frictional (shear) forces applied by
the medical devices to facial skin.****>>>7 The results of
the present work are of high relevance to cases of fragile
skin, which is seen in some skin diseases (eg diabetes
with ischaemia and neuropathy or epidermolysis bullosa),
post-neural-injury skin atrophies or, most frequently, at
old age. A fragile skin is particularly thin, weak, and sus-
ceptible to abrasion injuries. Application of CLSP on a
skin at such condition can compensate for the com-
promised mechanical strength of skin and also smoothen
the wrinkly structure of the elder skin, which mitigates
the inherently higher COF of skin associated with the
greater surface roughness at old age. Importantly, the
above performance characteristics cannot be generalised
to any existing or future CLSP technology, as it is specific
to the CLSP technology and product that has been studied
here. Other products may exhibit different stiffness proper-
ties, COF characteristics, or thickness of the polymerised
layer on skin; each of these features and their combined
effect have a strong influence on the stress state of tissues,
as demonstrated throughout this work.

One of the sensitivity analyses conducted here specifi-
cally tested the effect of the CLSP thickness on the
resulting protective effect (Figure 8). Re-application of
CLSP on top of a previously polymerised CLSP layer at
short time intervals (ie not for replacing a layer that had
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washed-off which, according to the manufacturer, occurs
after 3 days) may increase the flexural stiffness of the
CLSP coating and thereby shield the skin better. On
the other hand, however, such re-application consumes
more nursing time, which is a more expensive resource
with respect to the cost of the disposable CLSP itself.>®
This makes the issue of re-application of the CLSP an
interesting cost-benefit problem. Our present findings
(Figure 8) revealed only mild improvement in the volu-
metric tissue exposure to stress after reapplying the CLSP
for a second or a third time (detailed data were provided
in Table 3), yielding that there is no biomechanical justi-
fication for a clinical practice of repetitive applications to
build a growing thickness of a CLSP coating on the skin.

The important limitations associated with the modelling
assumptions and techniques are as follows: (a) the geome-
tries considered for the ear and mouth models represent a
specific head and facial anatomy. (b) We did not consider
the sublayers of skin or its microtopographical features.
(c) We did not directly consider any effects of moisture on
the function of the CLSP or the integrity of tissues, or both.
All these topics are important and warrant further research
to consider anatomical variations in facial contours (which
may in turn depend on gender and ethnicity); aging effects
on skin wrinkling (possibly using a hierarchical modelling
approach); and the influence of moisture exposures on the
stiffness and COF properties of the CLSP in interaction with
the skin. With that said, the present modelling is the most
advanced work to date in MDRPU in silico research and, in
particular, is the first ever to test the biomechanical efficacy
of CLSP in protecting against PUs and facial MDRPUs in
particular.

In conclusion, through combined experimental and
computational work, this study demonstrated a strong bio-
mechanical efficacy of the studied CLSP in protecting
against facial MDRPUs. The studied CLSP product shields
the skin from both compressive and frictional (shearing)
contact forces that are associated with skin-contacting med-
ical devices and substantially lowers the stress exposures of
skin under (commonly used) devices at the sites of applica-
tion. The chosen facial anatomical sites studied here, that
is, above the ear and between the mouth and nose, are diffi-
cult to protect by other means, the first because the region
is small and highly curved and the second due to continu-
ous presence of moisture and wetness. Accordingly, the
presently studied CLSP provides a unique preventative solu-
tion for these problematic facial sites, which is shown here
to be highly effective.
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