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Abstract

The synergistic influences of geometrical, mechanical and thermal mismatches

between a skin-contacting medical device and the skin may cause tissue stress

concentrations and sharp temperature gradients, both of which contribute to

the risk for medical device-related pressure ulcers. In this work, we developed

an innovative, integrated experimental bioengineering approach encompassing

mechanical stiffness, friction and thermal property studies for testing the bio-

mechanical suitability of a hydrogel-based dressing in prophylaxis of injuries

caused by devices. We characterised the viscoelastic stress relaxation of the

dressing and determined its long-term elastic modulus. We further measured

the coefficient of friction of the hydrogel-based dressing at dressing-device and

skin-dressing interfaces, using a tilting-table tribometer. Lastly, we measured

the thermal conductivity of the dressing, using a heat-flow meter and infrared

thermography-based method. All measurements considered dry and moist

conditions, the latter simulating skin perspiration effects. Our results revealed

that the long-term stiffness and the thermal conductivity of the hydrogel-based

dressing matched the corresponding properties of human skin for both dry

and moist conditions. The dressing further demonstrated a relatively high coef-

ficient of friction at its skin-facing and device-facing aspects, indicating mini-

mal frictional sliding. All these properties make the above dressing

advantageous for prevention of device-related injuries.
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Key Messages
• stiffness/thermal property matching is vital to protect skin from injury by

devices
• prophylactic dressings must stay in place and should not frictionally slide

on skin
• a hydrogel-based dressing was experimentally evaluated to address these

points
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• the tested dressing exhibited adequate mechanical and thermal
performances

• hydrogel-based dressings are suitable for preventing device-related injuries

1 | INTRODUCTION

In the last years, it has become increasingly apparent that
medical device-related pressure ulcers (MDRPUs) repre-
sent a significant burden to both patients and healthcare
providers.1,2 MDRPUs may be caused by skin-contacting
devices, which are applied for either diagnostic or thera-
peutic purposes and are defined as “injuries which
involve interaction with a device or object that is in direct
or indirect contact with skin … causing focal and
localised forces that deform the superficial and deep
underlying tissues.”3 Common causes of MDRPUs are
poor positioning of the applied device, use of ill-fitting
devices (eg, to the size or age of the patient or to the
treated body part) or otherwise, incorrect application of a
device; the shape of the injury caused by the device gen-
erally conforms to the pattern or shape of the device
itself.4 Importantly, etiological works reported in the past
few years demonstrated that MDRPUs are generated by
the synergistic influences of geometrical, mechanical and
thermal mismatches between a skin-contacting medical
device and the skin (and underlying tissues). For exam-
ple, a considerable mismatch between the device material
stiffness (at the part of the device that comes into contact
with skin) and the stiffness of native skin, which typically
implies that the device materials are substantially stiffer
(or are nearly rigid) with respect to skin, cause skin and
underlying tissue stress concentrations.1,5-12 Likewise, a
mismatch in thermal properties between a device and tis-
sues does not allow effective transfer of metabolic heat
from the skin to the environment and thereby may lead
to sharp temperature gradients that increase the meta-
bolic demand of tissues and make them more susceptible
to ischemic damage.7,13 The recent work of an Interna-
tional Expert Panel have identified three specific bioengi-
neering factors that are considered to play an important
role in the development of MDRPUs7: (a) The generic
designs of common skin-contacting medical devices,
which do not accommodate to the variability in body
sizes and shapes across patients (ie, a geometrical mis-
match). (b) The device materials at and near the inter-
faces with skin, which are substantially stiffer than the
skin and subdermal tissues (ie, a mechanical stiffness
mismatch). (c) The microclimatic changes near the skin
surface due to medical devices placed on the skin, which
impedes conductive, convective and evaporative heat and

moisture loss from the skin14 (ie, a thermal mismatch).
The latter factor (indirectly) negatively impacts the
mechanical and tribological properties of the skin region
facing the medical device, which ultimately leads to more
vulnerable skin and underlying tissues.

Continuous positive airway pressure (CPAP) masks
are among the medical devices most commonly associ-
ated with MDRPUs, in both paediatric and adult patients
and at acute care as well as post-acute and long-term care
settings.15,16 The use of ward based non-invasive ventila-
tion employing CPAP masks is increasing sharply, with
approximately 9000 reported episodes yearly within the
United Kingdom prior to the COVID pandemic.17

Clearly, with respiratory failure due to the coronavirus
2019 (COVID-19) pandemic, which broke out in 2020
and that accelerated the use of CPAP masks as a first-line
treatment for low oxygen saturation, these numbers must
have increased substantially since they were reported
(in the aforementioned work) in 2019. A comprehensive
literature review of 62 randomised clinical trials indicated
that the incidence rate of skin damage associated with
CPAP (mostly nasal lesions) is between 5% and 50%;
however, this rate increased to nearly 100% after 48 hours
on CPAP ventilation.16 The deformation damage in soft
tissues may be aggravated if the straps of the CPAP mask
are overtightened; lesions were reported to develop as a
result of the intense pressures exerted by the mask on
facial skin, which can approach 70 mm Hg.18 Develop-
ment of a CPAP-related injury, typically on the bridge of
the nose, chin or cheeks impacts both the efficacy of the
intervention (or the ability to resume it) and the quality
of life of the affected patient shortly after the injury but
also in the long-term, due to potential permanent facial
scarring, which may affect the body image.19-24

The prophylactic use of dressings or dressing cuts in
the prevention of MDRPUs has been largely discussed in
the literature, whereas the use of soft silicone25 and poly-
urethane foam dressings,26 silicone gel sheets,26 and espe-
cially hydrocolloid dressings27 is reported, showing that
40% to 75% of the MDRPUs occurrence can be avoided
using dressings for prophylaxis.3,28 Even though the pro-
phylactic use of dressings has been widely discussed,
dressings differ considerably in their biomechanical per-
formances for prophylactic applications depending on
their materials, composition and structure and therefore,
it is imperative to select a dressing that is appropriate to
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the individual and the clinical use.3,29,30 In the context of
preventing MDRPUs, our research group extensively
studied the biomechanical protective effects of different
dressing types, as well as an alternative approach of using
a cyanoacrylate skin protectant.9,10,31-33 In particular, in
the aforementioned works, we have characterised the
mechanical properties and behaviours of dressing mate-
rials and structures; the coefficient of friction (COF) at
the dressing-skin interface, including under the effect of
skin moisture; and the thermal conductivity of dressings
intended for prophylactic use. The latter thermal prop-
erty, which is critically important for assessing the
expected microclimate environment induced by dressings
in prophylactic use, has been investigated by means of a
custom-made heat-flow meter as well as by using infrared
thermography (IRT).10,13,31

The above dressing properties are all interacting in pro-
phylactic use, in affecting the skin health status. For exam-
ple, an increased skin moisture at a certain body region
compromises the integrity and mechanical strength of the
superficial skin, which makes it less tolerant to sustained
mechanical loading and in particular, to the stress concen-
trations induced by a contacting device14,31,34 The stiffness
of the material/object with respect to that of skin and the
underlying tissues will impact the magnitudes and spread of
the aforementioned tissue stress concentrations; the more
rigid the material/object, the higher the stress peaks that are
expected in skin and underlying tissues. The likelihood of
skin breakdown as a result of these device-induced tissue
stress concentrations will depend on the intensity and extent
of diffusion of these mechanical stresses into the skin depth
and beyond, which in turn depends on the moisture level
and the hydration of skin. In addition, the localised skin
temperature is an important biomechanical factor contribut-
ing to the corresponding skin moisture, since heat accumu-
lation at the skin-device interface leads to locally elevated
skin temperatures and hence, to potential changes in the
skin microbiome, compromised skin barrier functions and
eventually, to weakening of the stratum corneum and epi-
dermis as well as to increased sweating.31 Therefore, it is
vital to determine the mechanical stiffness properties and
extent of thermal insulation of any materials/objects that
are applied on the skin of a patient, relative to the
corresponding native skin properties.

Considering the above bioengineering concepts and
principles, the objective of this study was to assess, for
the first time in the literature, the suitability of a
hydrogel-based dressing for prophylactic use, through rig-
orous experimental testing of the mechanical, frictional
and thermal properties of this specific dressing type, in
both dry and moist conditions (as clinically relevant).
In particular, this work evaluated the extent by which
hydrogel-based dressings, once applied on facial skin in

preparation for non-invasive CPAP ventilation, can pro-
tect the skin in all three aspects of mechanical, frictional
and thermal performances.

2 | METHODS

Bioengineering laboratory testing was conducted to deter-
mine the mechanical, frictional and thermal behaviours
and properties of a hydrogel-based dressing (HydroTac
Transparent, manufactured by Paul Hartmann AG,
Heidenheim, Germany), for evaluating the biomechanical
suitability of this hydrogel-based dressing in prophylaxis of
MDRPUs,31 as detailed below.

2.1 | Simulation of a moist environment

Dressings were assessed in both their dry (“straight from
the package”) and moist conditions, given that medical
devices associated with MDRPUs such as CPAP masks and
ventilation tubing often induce or are applied in a moist
environment for the dressing and skin. For simulating such
moist dressing conditions, an isotonic 0.9%-saline solution
was first prepared, using 9 g of NaCl in 1 L of distilled
water,35 boiled for up to 15 minutes to let the solute dissolve
completely. After allowing the saline solution to cool down
to room temperature, it has been uniformly sprayed on a
flat semipermeable surface of a 0.8 ± 0.1 mm-thick dense
chamois clothe,36 simulating a perspiring epidermis*.37,38 A
dressing was then placed on the moist clothe and under a
flat 390 g weight, which simulated a contact force level
applied by adult CPAP masks.10 The dressing was kept
between the weight and the moist clothe for 2 hours,39 after
hermetically covering the set-up to minimise evaporation.
Considering that the maximum sweat rate for healthy
adults is 1 mg/min per cm2,40 a uniform layer of 12 ml of
saline solution was applied to the chamois cloth immedi-
ately before applying the weight and then again an hour
later, which approximates the flow rate of the perspiration
over the skin-contacting dressing surface. After the afore-
mentioned 2 hours treatment, dressings were released from
the weights and disks were cut from each dressing, to form
test specimens with the proper dimensions to determine the
mechanical, frictional and thermal properties of the dress-
ings, as described further.

2.2 | Compressive mechanical behaviour
and properties of the dressing material

We determined the compressive stiffness of the dry
and moist hydrogel-based dressings, considering their
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potential viscoelastic response (in both conditions),
through characterisation of their short-term and long-
term elastic moduli using uniaxial unconfined compres-
sion testing. The present mechanical tests were based on
the ASTM International standard test methods for rubber
properties in compression,41 as follows. A load cell with a
nominal range of 2 kN ± 0.5% accuracy, connected to an
electromechanical material testing machine (Instron
Corp., model 5944, Norwood, Massachusetts) operating
with BlueHill software (Instron Corp. ver. 4.21, 2017),
was used to apply the load via flat compression anvils,
which were made larger than the dressing specimen sur-
face area to ensure full contact. The size of the disk-
shaped test specimens was standardised to a diameter of
28.6 ± 0.1 mm and thickness of 12.5 ± 0.5 mm. Each test
specimen was obtained from a different (single) dressing
and prepared immediately before the testing, to avoid
any drying or evaporation effects and consequent
changes of mechanical behaviour and properties. After
measuring the thickness of each test specimen using a
vernier calliper with a resolution of 0.05 mm, specimens
were placed individually between the platens of the
material testing machine. Thin sheets of sandpaper were
further placed between the dressing specimen surfaces
and the testing machine platens to avoid potential fric-
tional sliding movements. Compressive forces were then
applied at a displacement rate of 12 mm/min, up to a
compressive strain of 50% (based on the undeformed
measured thickness of the individual dressing speci-
men), after which the force was immediately released at
the same (unloading) rate. This loading/unloading cycle
was repeated a second time for preconditioning pur-
poses, following which the force was similarly applied
for a third time until a compressive strain of 50% was
again reached, at which time the displacement was
maintained so that the dressing remained compressed.
The force data were measured instantaneously after the
third ramp phase of the loading cycle and every
0.01 seconds thereafter, until changes in the measured
force became less than 1%, which was considered as a
plateau. After completion of the test, the force data were
converted to stress using the individual specimen
dimensions.41 A stress-strain curve was then plotted for
the third ramp phase of the loading cycle (per each
trial), from which the instantaneous compressive elastic
modulus (Eins) was calculated, by linearizing the last
25% of the stress-strain curve. A stress-relaxation curve
was further plotted from the “hold” phase of each trial,
from which the long-term compressive elastic modulus
(Elt) was calculated, by averaging the last 25% of the
stress-time curve. Measurements were repeated 10 times
for dry and additional 10 times for moist dressing
specimens.

2.3 | Frictional properties of the dressing
material

We measured the static COF of the hydrogel-based dress-
ing at its skin-dressing and dressing-device interfaces. For
determining the COF at the latter interface, we used sili-
cone pads with low and high surface roughness (HSR), to
account for the wide range of manufacturer specifications
for medical silicones that may be in contact with facial
skin. Fresh porcine skin was used here as a substitute for
human skin, due to its well-documented anatomical and
physiological similarities to the human tissue and its wide-
spread use in wound care research.42,43 The porcine skin
samples tested in these COF studies were obtained from
4-month-old female commercial pigs used for a different,
unrelated (acute cardiovascular) study, which has been
approved by the institutional review board of the Heart
Institute of Sheba Medical Center (Ramat-Gan, Israel).
The skin samples were extracted from the ventral area
immediately after euthanasia and delivered fresh (on ice)
to the laboratory for testing, which started approximately
30 minutes after harvesting the tissues. The skin samples
were shaved-off before the testing and then cut into
18 � 10 cm rectangles.

All the present frictional measurements were con-
ducted using a custom-made, electronically-controlled
tilting-table tribometer with an effective testing area of
18 � 10 cm (Figure 1A), following an experimental
protocol reported in our previously published work.44

The static COF was evaluated for the following specific
interfaces: (a) fsilicone-hydrogel, which is the static COF of
the hydrogel-based dressings in their dry or moist con-
ditions, against silicone with a HSR or with a low sur-
face roughness (LSR); (b) fhydrogel-skin and fhydrogel-Pskin,
which are the static COFs of the hydrogel-based dress-
ings in their dry and moist conditions, against fresh
porcine skin with vs without simulated perspiration. A
circular weight of 390 g with a diameter of 45 mm was
applied in all test conditions to ensure full contact at
the aforementioned interfaces and further, to simulate
a sustained pressure from a medical device that occurs
during the above frictional interactions, either on the
outer surface of the hydrogel dressing or on the skin
tissue samples directly.

The fsilicone-hydrogel COF dataset was obtained by all-
owing a silicone layer characteristic to the materials used
for padding the contours of CPAP masks to frictionally
slide against the hydrogel-based dressings. Because the
design of CPAP masks and in particular, the specification
of the silicon pads, which are in contact with facial skin,
varies across manufacturers, we have tested here two dis-
tinct silicone types that differ by their surface roughness.
The difference in the surface roughness of the two tested
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silicone pads has been achieved using two different
substrata applied in preparing these silicone test sam-
ples. The HSR silicone was achieved by casting room-
temperature-vulcanizing silicone onto a mould coated
with rough paper, whereas the LSR silicone was made
by casting the liquid silicone directly onto the Teflon
surface of the mould. The HSR and LSR silicon pad
surfaces were imaged using an optical inverted stereo
microscope (Nikon Instruments Inc., model Eclipse
TS100 obj. 4�, Tokyo, Japan) and photographed by
means of a high-resolution digital camera (Olympus
Corp., model EP50, Tokyo, Japan) (Figure 1B). A pro-
filometer (KLA Corp., model Tencor P16, San Jose,
California) was further used for quantitatively

measuring the roughness difference between the HSR
and LSR silicone sheets.

To measure the fsilicone-hydrogel COF using the tri-
bometer, a layer of either the HSR or LSR silicone was
cut and glued to cover one flat aspect of the circular
weight (Figure 1A). The aspect of the weight covered
by the silicone layer was then allowed to frictionally
slide against the external surface of the hydrogel-based
dressing, which had been fixed to the tilting-table of
the tribometer. Next, to determine the static COF at
the silicone-dressing interface, the angle of the tilting-
table was gradually and slowly increased by means of a
computer-controlled electrical motor (Figure 1A) at a
rate of 5�/min. As soon as the circular weight started to
slide on the tilting-table of the tribometer due to the
effect of gravity, an electrical switch opened, which
instantaneously stopped the motion of the tilting-table
at an angle ϑ, allowing to record the static COF as
tan(ϑ).44

Similarly, to obtain the fhydrogel-skin COF data, the
disk-shaped hydrogel dressing specimens were attached
to the weight, so that their skin-facing side was allowed
to frictionally slide against a specimen of fresh porcine
skin that was attached to cover the entire effective test
area of the tilting-table (Figure 1A). Lastly, fhydrogel-Pskin
data were also collected. To mimic perspiration from the
skin, 0.5 g of 0.9%-saline solution were uniformly sprayed
onto the porcine skin prior to these measurements. This
amount of saline solution was observed to induce a pearl-
escent effect (ie, the “pearls of sweat” that are character-
istic to human skin perspiration). During these COF
tests, the temperature and relative humidity were
maintained at 25�C and 70%, respectively.

The hydrogel dressings were tested in both their dry
and moist conditions, to form four different COF datasets:
fsilicone-hydrogel dry, fsilicone-hydrogel moist, fhydrogel-skin dry and
fhydrogel-skin moist (moistened dressings were obtained as
described in Section 2.1 above). In addition to treating the
dressings, a group of porcine skin specimens was sprayed
with saline to simulate a perspiring skin, resulting in two
additional COF datasets: fhydrogel-Pskin dry and fhydrogel-Pskin
moist. Tests were repeated 10 times for each of these
6 COF test groups and per each silicone roughness level.

2.4 | Thermal conductivity of the
dressing material

The thermal conductivity of the hydrogel-based dressing
was measured using two different techniques, first by a
heat-flow meter based on the cut-bar (axial heat flow)
method1 and second, through IRT according to the Bison
and Grinzato protocol.45

FIGURE 1 Measurements of the frictional properties at the

dressing interfaces: A, The electronically-controlled tilting-table

tribometer that has been developed in our laboratory for

measurements of the coefficient of friction of materials used in the

medical device industry against fresh skin tissue samples. A steel

weight is applied on the dressing specimen tested against porcine

skin to ensure uniform contact during the frictional sliding of the

test specimen against the skin sample. B, Microscopy views of the

high surface roughness (HSR, left frame) vs the low surface

roughness (LSR, right frame) silicone sheets that represented

medical device interfaces in this work. The difference in surface

roughness was achieved by casting the silicone directly onto the

Teflon surface of a mould in the LSR case vs onto a rough paper

placed at the bottom of that mould in the HSR case
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2.4.1 | Heat-flow meter studies

The heat-flow meter testing device (Figure 2) contains
two metal blocks, one made of aluminium and the other
made of steel (each with a size of 4 � 4 � 5 cm), which are
positioned above and below a slot for a dressing test speci-
men, respectively. Thermocouples, soldered along these
metal blocks at symmetrically distanced locations relative to
the dressing specimen slot, allow to acquire the temperature
gradient across the block-specimen-block structure
(Figure 2). Temperature readings from each of these ther-
mocouples are digitally and automatically recorded into a
computer using the LabVIEW data acquisition software
(Version 19_f01, National Instruments, Austin, Texas). Two
thermoelectric coolers (model TES1-12704 & TEC1-12715,
Seeed Technology Co., Shenzen, China) controlled by an
AC-DC multiple-switching 300 W power supplier (Model
SH-300ATX, SkyHawk Telematics, St. John's, New-
foundland, Canada) function to warm the inferior

block and cool the superior block of the heat-flow
meter (Figure 2). These two blocks were laterally insu-
lated during the experiments using a 1-cm thick porous
rubber sheet, which minimised the radial heat flow
and therefore, imposed a nearly-unidirectional heat
flux through the test device, perpendicularly to the
dressing sample, so that the heat flux was transferred
along the thickness axis of the dressing specimen. Con-
sistent with the previously described (compressive stiff-
ness and friction) studies, a 390 g weight has been
applied on the superior surface of the heat-flow meter
(Figure 2), which transferred pressure to the tested
dressing specimen to impose full contact between the
metal blocks and the dressing specimen and also simu-
late the sustained loading from a medical device.

Once the temperature readings from all the thermo-
couples have changed by less than 1% during a
10-minute time window, the system was considered to
have reached a quasi-steady-state thermodynamic con-
dition. The thermal conductivity coefficient k of the
dressing material was then calculated, using the
Fourier's law for a one-dimensional (1D) heat transfer
process, under the assumption that the heat flux along
the two metal blocks and the tested dressing in-
between is equal, hence:

Q¼ ksteel �A �T3�T2B

Xsteel
¼ k �A �T2B�T2A

x

¼ kaluminum �A � T2A�T1

Xaluminum
ð1Þ

where Q (W/m2) is the axial heat flux, A (m2) is the area
of the tested dressing specimen in contact with the
superior (cold) aluminium and inferior (warm)
steel blocks of the heat-flow meter and T2A (�C) and
T2B (�C) are the measured temperatures at the superior
and inferior surfaces of the tested dressing specimen,
respectively. The temperature T1 (�C) is that of the highest
thermocouple in the superior aluminium block, whereas
T3 (�C) is the temperature reading from the lowest ther-
mocouple in the inferior steel block (Figure 2). The thick-
nesses of the dressing specimen, aluminium and steel
blocks are x, Xaluminum and Xsteel (m), respectively. The
(known) thermal conductivities of the (stainless, type
304) steel and aluminium blocks are ksteel= 14.4W/mK
and kaluminum= 240W/mK, respectively46 (Equation (1)).

Reordering terms and isolating the parameter of inter-
est, that is, the thermal conductivity of the dressing k
(W/mK), yields:

k¼ ksteel
Xsteel

� x � T3�T2B

T2B�T2A
ð2Þ

FIGURE 2 Schematic diagram of the heat-flow meter for

thermal conductivity measurements of dressing materials. The

dressing specimen is placed between hot and cold metal blocks. Four

thermocouples are symmetrically distanced relative to the dressing

sample slot (ie, two above and two below the dressing specimen) and

allow to measure the thermal gradient across the dressing thickness.

An external weight is placed on the top of the device, to simulate the

pressure acting on the dressing specimen as it is placed between the

skin and a medical device. The heat-flow meter is computer-controlled

and temperature readings from all the thermocouples are

automatically acquired and digitally stored for calculation of the

thermal conductivity of the tested dressing material. The insulation

that surrounds the system to facilitate a near-axial heat flow through

the dressing thickness is not illustrated here for clarity of the internal

construction of the heat-flow meter device. TEC, thermoelectric cooler
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The heat-flow meter was operated at ambient temper-
ature and relative humidity of 25�C and 50%, respec-
tively. Measurements were repeated 10 times for dry and
additional 10 times for moist dressing specimens (the
moisture conditions were induced as described in Sec-
tion 2.1 above), thus resulting in two thermal conductiv-
ity datasets, of kdry and kmoist, respectively (Equation (2)).

2.4.2 | IRT-based studies

An additional approach for thermal conductivity mea-
surements, based on IRT imaging, was adopted from the
work of Bison and Grinzato45 for contactless evaluation
of the thermal conductivity of the hydrogel-based dress-
ings, to verify the previously described heat-flow meter
studies. The IRT-based custom-made measurement sys-
tem, which was used for these verification studies, is
schematically shown in Figure 3A. The system consists of
an aluminium heating panel (model MH-4, Fries Electric,
Haifa, Israel) that directly heats the hydrogel-based

dressing specimens, which have been piled up on this
heating panel to form a bulk with lateral dimensions of
52 � 42 cm2 and thickness of 1 cm. This bulk of five
dressings piled up in a stack allows the IRT camera to
have a larger object to focus on, which ultimately
improves the accuracy of the thermal conductivity mea-
surements. As with the previous method, a 390 g weight
was placed on top of the dressing stack to simulate pres-
sure from a medical device10 and to ensure tight
dressing-to-dressing and dressing-to-heating panel con-
tacts (Figure 3A). Polystyrene plates with thickness of
5 cm that were cut-to-shape were attached tightly to
three lateral aspects of the dressing stack, to form ther-
mal insulation and minimise the adjacent air volume and
circulation and therefore, potential heat losses due to
radial conduction, convection or radiation from the
tested dressing stack. One lateral aspect of the dressing
stack was not insulated, to provide a field of view (FOV)
for the IRT camera, which contained the thickness axis
of the stack. Lastly, an insulating box with a 4 � 5 cm
window that facilitated a line of sight for the IRT camera

FIGURE 3 The infrared

thermography-based system for

thermal conductivity

measurements of dressing

materials: A, A schematic

diagram of the set-up. A dressing

stack specimen is placed directly

above a heating plate, with its

three (lateral) sides tightly

covered by thick polystyrene

insulation. A weight on top of

the dressing stack simulates the

pressure from a medical device

and further ensures tight contact

of the dressing with the heating

plate. Additional insulation is

obtained using a box that

completely surrounds the set-up

(not shown). B, Thermal images

are acquired using a 4 � 5 cm

window made in the external

insolation box for this purpose

(from the aspect shown in the

left frame). This example (right

frame) shows the temperature

gradient across a hydrogel-based

dressing stack 30 minutes after

the heating plate has reached a

steady (50�C) temperature
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covered the entire measurement set-up, to further mini-
mise potential heat exchange of the test specimen with
the surroundings. The IRT camera (model Optris Xi
400, Optris GmbH, Berlin, Germany) was then placed
and adjusted to measure the temperature gradient across
the thickness axis of the dressing stack (Figure 3A). This
IRT camera has a resolution of 382 � 288 pixels, an image
frequency of 80 Hz, an object temperature range of 0�C to
250�C and an accuracy of ±2�C. Three different values of
emissivity have been selected to account for the different
materials that were framed by the FOV of the IRT camera
(Figure 3A): (a) ϵaluminum = 0.3 for the heating plate;
(b) ϵwater = 0.98 for the hydrogel-based dressings; and
(c) ϵsteel = 0.6 for the applied precision weight.

Under the assumption of a uniaxial heat flow and steady-
state thermal conditions, the thermal conductivity λ can be
calculated using this IRT-based method, according to the
first Fourier's law of heat conduction (Equation (3)):

λ¼ Q=A
ΔT=ΔL

ð3Þ

where Q is the heat flux transferred through the cross-
section A of the test specimen, thereby causing a temper-
ature difference ΔT over a distance ΔL across the thick-
ness axis of the specimen. According to the specific
features of the present set-up (Figure 3A), Equation (3)
can be rewritten as follows:

λ¼
Qheating plate=Adressing specimen

ΔT=ΔL
ð4Þ

The term ΔT=ΔL was evaluated as the resulting slope of the
steady-state axial temperature profile measured using
the IRT camera across the thickness of the dressing stack
(Figure 3B). This slope term ΔT=ΔL, having units of
(K/pixels) required a conversion factor of 5500 pixels/m
to obtain λ in standard thermal conductivity units of
W=mKð Þ. Based on the thermal measurements by means

of the heat-flow meter, as described in Section 2.4.1
above, a steady-state condition of the IRT measurement
set-up was assumed to be reached 30minutes after the
heating plate was shown to maintain a steady tempera-
ture of 50�C. As in the previous testing method using the
heat-flow meter, 10 dressing specimens were tested dry
and additional 10 dressings were tested moist, resulting
in λdry and λmoist datasets, respectively.

2.5 | Data and statistical analyses

We first calculated descriptive statistics of means and SD
for all the outcome measures listed above. A Grubb's
(maximum normalised residual) test with α = 0.05 was
used to filter outlier data. For the compressive stiffness
datasets (Eins and Elt, each at dry and moist dressing con-
ditions), we conducted a two-way analysis of variance
(ANOVA), followed by Tukey-Kramer post hoc pairwise
comparisons, to identify potential statistically significant
differences between the instantaneous and long-term
compressive moduli and between the dry and moist test-
ing conditions. For the COF datasets (fsilicone-hydrogel dry,
fsilicone-hydrogel moist, fhydrogel-skin dry and fhydrogel-skin moist,
fhydrogel-Pskin dry and fhydrogel-Pskin moist), we likewise ran
ANOVA and Tukey-Kramer post hoc tests to determine
whether the differences between the fsilicone-hydrogel and

FIGURE 4 The stress (mean ± SD in grey shade) relaxation

curves for dry (dashed line; n = 10) and moist (solid line; n = 10)

hydrogel-based dressings. The instantaneous and near-

instantaneous responses of the dressings that are irrelevant in the

present context of medical device-related pressure ulcers (that take

more than a few minutes to form) are not shown, to depict the

details of the long-term responses

TABLE 1 The instantaneous (Eins)

and long-term (Elt) compressive elastic

moduli of the dry and moist hydrogel-

based dressing specimens (mean ± SD)

Eins (kPa) Elt (kPa) Relaxation timea (min) Eins/Elt

Dry dressings 495.7 ± 67.0 74.2 ± 15.9 2.63 ± 0.13 6.5 ± 0.6

Moist dressings 200.8 ± 27.4 21.0 ± 7.2 2.69 ± 0.08 10.5 ± 4.4

Note: Tests were repeated 10 times for each condition.
aRelaxation time = the time at which the average stress data over a 10 seconds sampling window did not

differ by more than 5% with respect to the stress data in a preceding, similar time window.
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fhydrogel-skin COF data and between the dry and moist test-
ing conditions were statistically significant. For the ther-
mal conductivity datasets (which were obtained using
two different test methods, that is, the heat-flow meter
and IRT), we used separate unpaired, two-tailed t tests to
determine whether the kdry and kmoist and separately, the
λdry and λmoist were statistically distinguishable. This was
followed by Bland-Altman (mean-difference) analyses, to
evaluate the agreement between the kdry and λdry datasets
and separately, between the kmoist and λmoist datasets. The
level of statistical significance was set as P < .05 for all
the above tests.

3 | RESULTS

3.1 | Compressive behaviour and
properties

The compressive stress-relaxation curves of the hydrogel-
based dressing materials, acquired at the dry and moist
test conditions, are shown in Figure 4. The relevant
descriptive statistics for the instantaneous (Eins) and long-
term (Elt) compressive elastic moduli of the tested dress-
ings and the relaxation times are provided in Table 1.
Noteworthy is that after approximately 3 minutes, the
stress-relaxation curves plateaued for both the dry and
moist test conditions (Figure 4). The dressing materials
further exhibited highly viscoelastic behaviour at both
the dry and moist conditions, as the Eins/Elt ratios were
substantially greater than unity at either condition
(Table 1). It is further shown that the dry dressings were
considerably stiffer than the moist ones, by ⁓2.5-fold and
⁓3.5-fold for Eins and Elt, respectively.

3.2 | Frictional properties

The profilometric characterisation of the silicone sheets
used for the COF testing indicated peak-to-valley dis-
tances of approximately 41 and 11 μm for the HSR
(Figure 1B; left frame) and LSR (Figure 1B; right frame)
silicone specimens, respectively (Figure 5A). The mean
surface roughness was statistically significantly ~4-times
greater for the HSR silicone with respect to that of the
LSR specimens (Figure 5B; P < .05). The ANOVA for the
fsilicone-hydrogel COF resulted in that moist dressing condi-
tions did not significantly affect the COF for a given sili-
cone roughness (Table 2). However, the LSR COFs were
~6.4-fold and ~7.1-fold significantly greater than the HSR
COFs (P < .01) for the dry and moist dressing conditions,
respectively, indicating greater frictional contact surface
of the hydrogel-based dressing with the smoother silicone

TABLE 2 The coefficients of friction fsilicone-hydrogel (means

± SD) of the hydrogel-based dressings in the dry and moist test

conditions against silicone with high surface roughness (HSR) vs

silicone with low surface roughness (LSR)

Dry dressings Moist dressings

HSR
silicone

LSR
silicone

HSR
silicone

LSR
silicone

fsilicone-
hydrogel

0.77 ±
0.10

4.92 ±
2.13

0.76 ±
0.15

5.40 ±
2.39

Note: Tests were repeated 10 times for each condition.

FIGURE 5 The surface roughness of the silicone sheets that

simulated the medical device materials in contact with the tested

dressings: A, The planar surface (peak-to-valley) topography of the

high surface roughness (HSR) vs the low surface roughness (LSR)

silicones along a 1-cm path of scanning. B, The average roughness

(mean ± SD) for the HSR and LSR silicones (*P « .01)

TABLE 3 The coefficients of friction fhydrogel-skin and fhydrogel-

Pskin (means ± SD) of the hydrogel-based dressings in the dry and

moist test conditions against fresh porcine skin with vs without

simulated perspiration

Dry
dressings

Moist
dressings

No
perspiration

(fhydrogel-skin) 1.38 ± 0 1.28 ± 0.04

Perspiration (fhydrogel-Pskin) 1.38 ± 0.10 0.42 ± 0.02

Note: Tests were repeated 10 times for each condition.
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surface (Table 2). In addition, the fhydrogel-skin and fhydrogel-
Pskin COFs were indistinguishable for the dry dressing test
condition, that is, the skin-dressing COF was unaffected
by the simulated skin perspiration as long as the dressing
did not become moist due to the contacting perspired
skin (Table 3). Dressings, which were treated to become
moist but that were then applied onto dry skin, exhibited

a relatively mild, yet statistically significantly ~7%
decrease in their skin-dressing COF (Table 3; P « .01).
Only moist dressings applied onto a simulated sweating
skin demonstrated a more considerable, statistically sig-
nificant ~70% reduction of the skin-dressing COF with
respect to the dry dressing and dry skin test conditions
(Table 3; P « .01).

3.3 | Thermal conductivity

The thermal conductivity coefficient of the dressings
under investigation was not influenced by the moist test
conditions, as shown by both the heat-flow meter and
IRT-based methods (Table 4). Given the aforementioned
statistical similarity between the dry and moist test condi-
tions, thermal conductivity data were pooled per method
type. Bland-Altman plots, comparing the outcome mea-
sures obtained using the two methods demonstrated that
all but one data point were within the 95% limits of
agreement, thereby justifying further pooling of the ther-
mal conductivity values acquired by the heat-flow meter
and IRT-based methods, to ultimately result in a mean ther-
mal conductivity coefficient value of 0.37 ± 0.04 W/mK for
the tested dressings (Figure 6).

4 | DISCUSSION

In this work, we developed and utilised an integrated
experimental approach, encompassing mechanical stiff-
ness, friction and thermal property studies to test the
suitability of a hydrogel-based dressing for the prevention
of MDRPUs. Etiological work reported in the past few
years demonstrated that the synergistic influences of geo-
metrical, mechanical and thermal mismatches between a
skin-contacting medical device and the skin (and under-
lying tissues) of a patient cause tissue stress concentra-
tions and sharp temperature gradients, which contribute
to the MDRPU risk.1,2,5-12,47,48 Ideally, the materials of a
device, which are in continuous contact with skin, should
have similar mechanical and thermal properties to those

TABLE 4 Thermal conductivity values (means ± SD) of the hydrogel-based dressings in the dry and moist test conditions measured

using the heat-flow meter kdry,kmoist
� �

and the infrared thermography-based method λdry,λmoist
� �

Dry dressings Moist dressings

kdry
a (W/mK) λdry

b (W/mK) kmoist
a (W/mK) λmoist

b (W/mK)

0.40 ± 0.02 0.31 ± 0.04 0.40 ± 0.03 0.36 ± 0.05

Note: Tests were repeated 10 times for each condition.
aThe kdry,kmoist values are statistically indistinguishable.
bThe λdry,λmoist values are statistically indistinguishable after removing one outlier from the dry dressing dataset and one additional outlier from the moist
dressing dataset.

FIGURE 6 Bland-Altman (mean-difference) plots for the

thermal conductivity values of the hydrogel-based dressings in their

(A) dry and (B) moist conditions, as measured by the heat-flow

meter vs the infrared thermography-based methods
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of the native skin, to minimise the occurrence of mechan-
ical stress and temperature gradients between the device
and the skin and subdermal tissues. That is, there should
be stiffness-matching and thermal conductivity-matching
between the device materials and the adjacent tissues to
the best possible extent.7 Improving the design of basic
and common medical devices such as CPAP masks, endo-
tracheal tubes, cervical collars and other devices that are
epidemiologically associated with high occurrences of
MDRPUs,7 driven by the above scientific findings, is a
slow, cumbersome process that may take many years to
complete, as these devices kept their traditional designs
for decades. For example, endotracheal tubes are used for
anaesthesia and ventilation since the second half of the
19th century and their fundamental design barely chan-
ged48 and likewise, CPAP treatments invented by the
Australian physician Professor Colin Sullivan in the early
1980s49 did not evolve significantly since their introduc-
tion. With the present COVID-19 pandemic, which had
massively accelerated the use of CPAP as a first-line treat-
ment for low oxygen saturation, healthcare professionals
needed solutions here and now, and so it became a com-
mon clinical practice to apply cuts of various dressing
types to protect the skin under devices, including CPAP
masks.8 Different dressing materials have been clinically
employed for the above purpose, mostly hydrocol-
loids17,50 and under the circumstances of the pandemic,
their use have been extended in the last year to also pro-
tect the skin of healthcare workers from personal protec-
tive equipment.51 Nevertheless, while other dressing
technologies may be equivalent or superior to the
market-dominant hydrocolloids in protecting the skin
under devices, no published knowledge exists on the suit-
ability of hydrogel-based dressings for MDRPU preven-
tion. Given the widespread use of non-invasive CPAP
ventilation during the pandemic (following the discovery
that it avoids intubation in one of two patients presented
with an acute respiratory distress syndrome52) and the
projected use of this particular device going forward, we
have decided to focus here on interactions of hydrogel-
based dressings with CPAP masks in a preventative
context.

To consider the range of real-world mechanical and
thermal conditions that are relevant to prophylactic use
of the presently investigated hydrogel-based dressings
under a CPAP device, the effects of moisture on the skin
and dressing must be taken into account, as CPAP masks
induce a highly moist and humid environment. The
intra-mask relative humidity typically exceeds 80%,53

which has been associated with excessive skin hydration
and therefore increased skin fragility.19 As the stress
relaxation response of the tested hydrogel-based dressing
material plateaued after approximately 3 minutes

already, under both the dry and moist test conditions, the
long-term stiffness properties are the relevant ones in
the context of MDRPUs, as a clinically significant injury
is expected to develop after a substantially longer time,
when the stiffness of the hydrogel has already stabilised
(specific incidence rates of CPAP-related MDRPUs range
from 5% to 50% for 2 to 4 hours of continuous CPAP
usage and up to 100% after 48 hours of usage16). Hence,
the long-term stiffness Elt values of the hydrogel-based
dressing, which were ~74 kPa and ~21 kPa for its dry and
moist conditions, respectively (Table 1), should be
assessed against the stiffness of living facial skin in a clin-
ically relevant loading mode. The literature reports that
the in vivo elastic moduli of facial skin, measured
through indentation (which is the closest loading mode
to the real-world skin-CPAP interaction) range from 5 to
180 kPa.54-57 Hence, the stiffness of the tested hydrogel-
based dressing falls within the low to mid-range of the
reported skin stiffness data, which meet the stiffness-
matching goal.

We further measured the static COFs at the dressing-
device and skin-dressing interfaces using an
electronically-controlled tilting-table system. Although
we have considered two distinct silicone roughness levels
for representing the CPAP pad, we surmise that the
majority of the medical-grade silicones should have a
LSR (for maintaining a tight seal to the face), hence the
associated LSR COFs for the dressing-device interface are
the more clinically relevant values. These COFs were
approximately 5 (Table 2), which is considered high in
the field of tribology and indicates a tacky response of the
hydrogel-based dressing with the smooth silicone, also
suggesting a good seal at that interface as required for
effective CPAP treatments. Our data further revealed rel-
atively high COFs for the skin-dressing interface, of ~1.3
to 1.4, as long as the skin was not moist (Table 3). Simu-
lated perspiration of the skin reduced the latter COF to
~0.4 (Table 3), which is still up to 4-fold greater than the
range of COFs reported for hydrogels in contact with arti-
ficial materials such as glass.58 These findings altogether
indicate that there should be negligible relative motion
between an applied hydrogel-based dressing and a CPAP
mask, or between the dressing and skin, unless both the
dressing and skin become excessively moist. Thus, as
long as the dressing and skin remain (relatively) dry, our
results suggest that there will be minimal frictional defor-
mations of skin and underlying tissues due to the tacky
nature of this hydrogel-based dressing. Moreover, once
applied onto dry skin, a new (out of package) hydrogel-
based dressing is likely to gradually absorb perspiration
until the dressing itself becomes nearly saturated, which
implies that the moist dressing plus perspired skin condi-
tions listed in Table 3 represent an extreme state in a
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clinically relevant scenario, where the prophylactic dress-
ings under the CPAP mask have not been replaced for a
long time.

Lastly, the thermal conductivity of the hydrogel-based
dressing was investigated and found to be 0.37 W/mK,
which was unaffected by moisture. This finding, which is
consistent with the literature59,60 for polyacrylamide
hydrogels and polymer gels is ~62% the thermal conduc-
tivity of pure water (~0.6 W/mK)61,62 and importantly,
falls within the mid-range of the thermal conductivities
reported for human skin, which are 0.35 to 0.43 W/
mK.63,64 The recent work of Crawford and colleagues,
which reported anatomical-site-specific skin thermal con-
ductivity data, revealed that the thermal conductivity of
skin at the nose (the skin at the bridge of the nose com-
monly breaks down under prolonged pressure by CPAP
masks19,53;) is 0.34 to 0.45 W/mK and that at the cheeks
(which are also susceptible to injury by CPAP masks) is
0.39 to 0.45 W/mK.65,66 The latter data indicate that the
thermal conductivity of the hydrogel-based dressings
studied here are similar to the thermal conductivity of
facial skin at sites susceptible to MDRPUs with a maxi-
mum potential deviation of 18%, which is low in biologi-
cal variability terms. Accordingly, as with stiffness, the
presently investigated hydrogel-based dressings demon-
strate optimal thermal conductivity-matching with
human skin, which is not surprising given the ~60% to
80%-weight bound water contents in hydrogels,67,68

which is similar to the water content in facial skin (that
has a relatively high water content with respect to other
skin sites: ~60% to 80%).69-72

Translation of bench science work concerning perfor-
mance testing for dressings in prophylactic use into stan-
dard clinical practice requires development of new
international testing standards and performance metrics,
which will ultimately become a global benchmark for
industry developers, regulators and healthcare profes-
sionals. Testing standards and corresponding manufactur-
ing practices are established for all types of medical devices
and may serve different stakeholders in various forms, such
as by defining targets for industry research and develop-
ment purposes or for formulating instructions for use. Regu-
latory bodies and reimbursement policymakers may use
testing standards to evaluate the safety and efficacy of proto-
types or existing products and to qualify products for use
with specific patient groups. Importantly, the performance
metrics that are provided by testing standards support
informed clinical decision-making, by objectively identify-
ing and quantitatively describing the strengths and weak-
nesses of technologies and products, which then facilitates
systematic comparisons of product performances. Develop-
ment work of such testing standards is now co-led by the
senior author and is underway, in the framework of the

prophylactic dressing standards initiative (https://www.
epuap.org/prophylactic-dressing) of the US National Pres-
sure Injury Advisory Panel and the European Pressure
Ulcer Advisory Panel.

To conclude, the importance of mechanical stiffness-
matching and thermal conductivity-matching between
the part of a medical device, which is in prolonged con-
tact with skin and the skin and underlying tissues adja-
cent to the applied device, has been highlighted in the
up-to-date literature.1,2,5,47 In particular, the literature
concerning the aetiology of MDRPUs indicates that stiff
polymeric materials in contact with skin may result in
non-uniform pressure and shear distributions and ele-
vated stresses on the interfacing skin and within underly-
ing tissues.1,6,10 These contact-related phenomena
intensify in highly curved anatomical regions where the
depth of soft tissues over the underlying bone is relatively
small, the bridge of the nose being an extreme exemplify-
ing case for these conditions.1 Only by matching the
mechanical stiffness properties of the applied device
materials to those of skin and subdermal tissues and
thereby guaranteeing a uniform mechanical load redistri-
bution at and near the skin-device interface, tissue stress
concentrations can be avoided and MDRPUs formation
prevented. Nevertheless, re-designing common medical
devices applied to skin such as CPAP masks is a long,
expensive and laborious process with numerous regula-
tory and cost implications, which does not appear to be
practical, especially at the COVID pandemic times where
immediate solutions are needed. This is why dressings
have been applied in clinical practice, as skin protectants
under medical devices at relevant skin-device interfaces,
but it is the role of bioengineers to guide medical teams
in how to achieve optimal skin and underlying tissue
protection by doing so, since not all dressings will
perform equally. The present work takes a first step in
establishing the bioengineering criteria, laboratory
bench test protocols and performance metrics to deter-
mine and evaluate the device-dressing mechanical
stiffness-matching.

Likewise, thermal mismatching between the device
and underlying skin and subdermal tissues should be
minimised and can be optimised through prophylactic
use of dressings, to prevent MDRPUs by allowing effec-
tive release of metabolic heat from the skin to the envi-
ronment.7,13 A localised rise in skin temperature
increases the metabolic tissue demand for cellular oxygen
and nutrients, by approximately 10% per 1�C of skin tem-
perature elevation. As a result, the blood perfusion
increases locally, to minimise the accumulation of tissue
waste, thereby reducing the tissue tolerance to ischemia
and making it more susceptible to MDRPUs at lower
interface pressure and shear levels.31,73 A dressing used
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for prophylaxis of MDRPUs should therefore have a ther-
mal conductivity value that is close to that of living
human skin, as to not create an insulating layer above
the skin that would prevent effective heat release away
from the skin to the environment.13 Such dressing ther-
mal conductivity, which matches that of native skin,
would further facilitate uniform spread of any accumu-
lated metabolic heat under the skin-facing aspect of the
dressing, which again promotes effective heat transfer
and reduces the likelihood that “hot spots” of elevated
temperature would form on the skin under the dressing
and subdermally.6,13

For all the above reasons, it is imperative that dress-
ings used in prophylaxis of MDRPUs smooth the tissue
load gradients—both thermal and mechanical—by
matching (or bridging between) the device and tissue
stiffness and thermal properties, so that with the effect of
the dressings, the medical device elements contacting the
skin (with the applied dressing) become at stiffness and
thermal conductivity levels that are near those of the skin
and underlying soft tissues.7 In addition to that, frictional
sliding between the applied device and the skin, resulting
in skin distortions in shear, should be minimised.7 There-
fore, based on the compressive, frictional and thermal
properties measured in this work, the hydrogel-based
dressing under investigation has been shown to meet the
primary requirements from a potent material for preven-
tion of MDRPUs. Namely, the tested dressings exhibited
stiffness-matching with skin, tacky (“stay in place”)
behaviour, which minimises frictional skin-device sliding
and also skin-matching thermal conductivity that allows
heat potentially accumulated in skin under the applied
device to be transferred (through the dressing) onto the
environment. Taken together, these mechanical and ther-
mal properties make the presently tested hydrogel-based
dressing advantageous for prevention of MDRPUs from a
bioengineering perspective.
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ENDNOTE
* Saline solution was chosen as the sweat substitute here, due to its
osmolarity and composition, which contains common electrolytes
(Na+, Cl+) that are characteristic to perspiration and/or humidity
in a continuous positive airway pressure (CPAP) mask
environment.
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