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Abstract

Pressure ulcers including heel ulcers remain a global healthcare concern. This

study comprehensively evaluates the biomechanical effectiveness of the market-

popular ALLEVYN® LIFE multilayer dressing in preventing heel ulcers. It

focuses on the contribution of the frictional sliding occurring between the non-

bonded, fully independent layers of this dressing type when the dressing is pro-

tecting the body from friction and shear. The layer-on-layer sliding phenome-

non, which this dressing design enables, named here the frictional energy

absorber effectiveness (FEAE), absorbs approximately 30%–45% of the mechani-

cal energy resulting from the foot weight, friction and shear acting to distort soft

tissues in a supine position, thereby reducing the risk of heel ulcers. Introducing

the novel theoretical FEAE formulation, new laboratory methods to quantify the

FEAE and a review of relevant clinical studies, this research underlines the

importance of the FEAE in protecting the heels of at-risk patients. The work

builds on a decade of research published by our group in analysing and evaluat-

ing dressing designs for pressure ulcer prevention and will be useful for clini-

cians, manufacturers, regulators and reimbursing bodies in assessing the

effectiveness of dressings indicated or considered for prophylactic use.
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Key Messages
• Pressure ulcers including heel ulcers are a major concern in global

healthcare.
• We evaluated the effectiveness of ALLEVYN® LIFE dressings against heel

ulcers.
• Frictional sliding occurs between contacting but independent dressing

layers.
• This layer-on-layer frictional sliding absorbs 30%–45% of the mechanical

energy.
• This work aids clinicians and industry in preventative dressing efficacy tests.

1 | INTRODUCTION

Pressure ulcers (PUs) also known as pressure injuries
remain one of the most significant healthcare challenges
globally and are affecting patients at all ages in acute, res-
idential or home care. The heels are a common anatomi-
cal location of bodyweight-related PUs, second in
susceptibility only to the sacral area.1–7 Heel PUs also
often onset as deep tissue injuries, hence the name the
‘purple heel’ syndrome.8 Etiological PU research has
emphasized the role of sustained cell and tissue deforma-
tions caused by bodyweight-induced, unrelieved com-
pressive and shear forces that lead to loss of cell
homeostasis, inflammation, ischaemia and ultimately cell
and tissue death.2,3,9 The unique anatomy of the posterior
heel generates peak mechanical strains and stress con-
centrations in the subdermal fat adjacent to the bone–fat
and tendon–fat interfaces.10,11 Anatomical variants such
as in thicknesses of heel tissues and posterior calcaneal
sharpness levels, disease-related factors like diabetes and
atrophy, foot orientation and extrinsic factors, for exam-
ple, shape and stiffness properties of the support surface
or positioner, all influence the susceptibility of the indi-
vidual to heel PUs.2,11–15

In addition to the existing standard of care, various
medical devices are used to minimize tissue exposure to
sustained mechanical stress concentrations: those include
low-friction surfaces, offloading devices such as heel
boots and importantly, prophylactic dressings.3,6,16–18

Specifically, the prophylactic application of multilayer
dressings has emerged as a promising approach with
demonstrated clinical efficacy in pressure ulcer preven-
tion (PUP) and large cohort data demonstrating reduc-
tion in PU incidence in patients who received these
dressings are reported in the literature.19,20 Indeed, their
benefits include pressure redistribution, friction reduc-
tion and related inflammation modulation, as well as
moisture management, which altogether enhance their
efficiency in mitigating the PU risk.10,19,21,22 Specifically,
multilayer dressings have been shown to alleviate soft

tissue stresses in weight-bearing body regions, by inter-
nally deforming under the compressive and shear forces
of the bodyweight. The presence of these dressings there-
fore absorbs some of the mechanical energy acting to
deform the soft tissues that would otherwise be transmit-
ted to these tissues directly.10,15

The research group of author AG has been investigat-
ing for the last decade how wound dressings redistribute
mechanical loads, reduce shear forces, maintain proper
microenvironmental conditions (such as microclimate
and moisture levels) and support tissue perfusion. Under-
standing these mechanisms helps in the design and selec-
tion of appropriate dressings for different clinical
scenarios. The literature published by the AG research
group quantified the stress relief in soft tissues at the
heels as well as at the sacral region and defined quantita-
tive protective performance and endurance metrics of
dressings in prophylactic use, by means of a variety of
material measurements and computer modelling and
simulation methods. Previous research has primarily
focused on the stiffness and anisotropy of multilayer
dressings and their outer coefficient of friction
(COF).10,15,22–29 This extensive volume of published work
supported the development of clinical guidelines for the
use of prophylactic dressings, including during the
COVID-19 pandemic time, and provided specific design
guidance optimizing dressing materials and structures for
PUP, which ultimately resulted in evidence-based recom-
mendations for healthcare practitioners and administra-
tors who make purchase decisions to prevent PUs in
their facilities.30–33

Our current study aims to expand upon the above
existing literature, by investigating the internal energy
absorption mechanism of multilayer dressings and pro-
viding valuable insights into how these dressings mitigate
the forces exerted on soft tissues, thereby advancing the
understanding of PUP strategies by means of dressings.
Specifically, we address the internal frictional phenom-
ena in a multilayer dressing type that facilitates internal
frictional sliding of its layers against each other. We
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investigated this dressing structure by means of theoreti-
cal formulation and development of a new testing
method and apparatus, which, altogether, enabled to
study this newly reported mode of action (MOA) of
energy absorption by the dressing for alleviating the
stresses in the soft tissues in at-risk body regions. To
place these findings into a clinical practice context, a
review of the published literature focusing on prophylac-
tic use of the multilayer dressing subject to the current
investigation was also performed.

1.1 | Focused review of the clinical
literature

A search of the published clinical literature for pivotal stud-
ies reporting on ALLEVYN® LIFE (AL) was performed.
Randomized controlled trial data specifically pertaining to
AL and reported as peer-reviewed (full) journal articles
published in the English language were identified from
electronic medical databases (e.g., MEDLINE, Embase) and
reviewed to place the laboratory findings in context of the
present study. Keywords used in this search were ALLE-
VYN, ‘pressure ulcer’/‘pressure injury’, dressing, ‘preventa-
tive’/‘prevention’, ‘prophylactic’/‘prophylaxis’ and ‘clinical
trial’, where the word ALLEVYN was defined as essential.

Three randomized clinical trials (RCTs) were
reviewed to place the bench-top research reported above
into clinical context. Forni et al.20 performed a pragmatic,
randomized controlled superiority trial of using AL dress-
ings compared with standard PUP protocol (without the
use of prophylactic dressings) to assess the incidence of
sacral PUs in elderly patients (age ≥ 65 years) presenting
at a university, orthopaedic hospital for hip fracture. The
primary outcome was the rate of any category of PU
(as defined by NPIAP/EPUAP/PPPIA) in the sacrum area
detected within 8 days of hospitalization. Secondary
assessed outcomes included the rate of PUs in other loca-
tions, incidence of ≥ category II PUs, and the number of
rashes/skin lesions due to intervention. A total
of 360 patients was determined as the necessary sample
size to meet statistical power.

In total, 359 patients were enrolled into the study,20

with 177 patients assigned to the intervention (AL) group
and 182 patients to the standard PUP protocol arm.
Patient baseline variables and demographics were bal-
anced between groups. The total incidence of sacral PUs
was 36 patients, with 8 patients (4.5%) in the intervention
group and 28 (15.4%) in the control group developing
PUs. This difference was statistically significant, with a
71% reduction in the relative risk of developing a PU with
an AL dressing compared with control (relative risk: 0.29;
95% confidence interval [CI]: 0.14–0.61; p < 0.001). The

number needed-to-treat (NTT) to prevent an incidence of
PU was 9 (95% CI: 6–21). A post hoc Kaplan–Meier anal-
ysis demonstrated a statistically significant difference
between the two groups with onset of PUs, with average
onset at day 6 for those with an AL dressing and day
4 for the control group (p < 0.001). This study demon-
strates that the use of AL dressings is capable of statisti-
cally significantly reducing the incidence of PUs
compared with standard PUP protocols (i.e., without pro-
phylactic use of dressings) in patients at risk for sacral
PU. Importantly, in patients who did go on to develop a
PU, this took a significantly longer time in those who
received AL dressings compared with controls, suggesting
a clear protective effect in minimizing skin and subder-
mal tissue damage with the use of this prophylactic
dressing type.

A subsequent study conducted by the Forni group33

was an open-label, parallel group multicentre random-
ized controlled trial of at-risk patients from medical, sur-
gical and intensive care units across Italy. Similar to their
previously published work,20 their later study aimed to
determine whether the use of AL dressings lowered the
incidence of sacral PUs compared with standard PUP
protocols (i.e., with no prophylactic dressing).33 The
follow-up duration for the primary outcome was 7 days.
Secondary endpoints included incidence of sacral PU ≥
category II based on EPUAP, NPIAP and PPPIA parame-
ters and the number of days needed to PU development.
For the study to be considered statistically powered (at an
80% power), 228 patients had to be included and random-
ized into the study. This study therefore builds on previ-
ous research conducted by Forni et al.20 using a larger
sample size (total study sample size at randomization:
709 patients). Notably, this study was terminated earlier
than initially planned due to the COVID-19 pandemic,
although, given adequate enrolment into each arm, the
study appeared to be adequately powered to detect a dif-
ference in the primary endpoint. However, sufficient
enrolment was not accrued for evaluation of hospital area
(e.g., medical, surgical, intensive care) sub-group ana-
lyses. The authors utilized a modified intention-to-treat
(ITT) population when performing their statistical ana-
lyses with robust measures to account for missing patient
data.33 The results of the later Forni study33 identified a
balanced patient demographic between the intervention
groups. The authors further found a statistically signifi-
cant reduction in the incidence of sacral PUs of any cate-
gory across all the studied care settings with the use of
AL dressings compared with controls (relative risk reduc-
tion: 62.3%; 95% CI: 35.5%–78%) with NTT of 12 (95% CI:
8–26). There was no statistical difference between the
intervention groups in any of the assessed secondary out-
comes, including the incidence of discomfort and skin
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adverse events with the use of the AL dressing type.
Kaplan–Meier analysis showed that the AL dressings
imparted its protective effect within the first few days of
intervention initiation and continued throughout the
seven-day follow-up period, compared to controls. How-
ever, in contrast to earlier findings reported by Forni
et al.,20 no statistically significant difference in the aver-
age onset of PUs was noted between the groups
(p = 0.869). This discrepancy between studies may be
explained by the more heterogeneous population investi-
gated in their later study.33 With that said, the findings
from the Forni group in their later work33 are consistent
with their earlier research results on the lowering of PU
incidence by applying AL dressings as a preventative
intervention compared with standard PUP protocol
(without dressings). Given the larger sample size and
multicentre design of their newer study,33 this increases
the confidence in the interventional effect of AL dress-
ings for sacral PUP as the data are more robust and gen-
eralizable in the later study.

Another major European RCT was that of Beeckman
et al.19 who performed a pragmatic, multicentre, random-
ized controlled trial conducted across eight Belgian hos-
pitals. Patients were eligible for recruitment into the
Beeckman study19 if they were considered at risk for PU
development (as defined by a Braden risk assessment
score < 17), had been admitted to the hospital within
48 h, had no prior category II PU or above, and also no
clinically significant incontinence-associated dermatitis
or -related conditions. Patients from both intensive care
unit (ICU) and non-ICU care settings were included,
although <25% of patients were recruited from ICUs.
Patients were randomly assigned to one of three interven-
tion arms in a 1:1:1 allocation, receiving either an AL
dressing, an alternative multilayer dressing product, or a
standard PUP protocol, which did not include any pro-
phylactic use of dressings. To clarify, the two prophylactic
dressing groups also received the full standard PUP pro-
tocol that was applied to the control group (in addition to
the use of dressings).19 The primary assessed outcome in
the Beeckman study19 was the proportion of patients
who developed at least one new PU of category II or
greater on the sacrum, heels or greater trochanters dur-
ing a 14-day follow-up period. Statistical analyses were
performed using both ITT and per-protocol populations
and by testing for superiority. Sensitivity analyses on the
primary endpoint were further conducted to assess
the impact of per-protocol testing and independent asses-
sors. As no statistical differences in performance of the
two dressing product types could be identified, the
authors of Ref. 19 pooled the data from the sub-groups
receiving the two product types to compare the pooled
dataset against the standard, that is, no-dressing protocol

(of note, this study was not originally powered to detect
product-to-product performance differences). In total,
1633 patients were recruited into the Beeckman study19

and randomized into one of the three study sub-groups.
AL dressing: 542 (33.2%); an alternative multilayer dress-
ing product produced by a different manufacturer:
545 (33.4%), and the standard, no-dressing protocol:
546 (33.4%). Patient baseline characteristics were similar
across these three sub-groups. With regard to the primary
outcome, there were 77 incidences of PU category II or
above, with a total pooled 4% incidence in the dressing
groups and a statistically significantly greater, 6.3% inci-
dence in the control group. Specifically, a statistically sig-
nificant reduction in the risk of developing a PU was
found with the pooled prophylactic dressing sub-groups,
with a relative risk: 0.64; 95% CI: 0.41–0.99; p < 0.05.
That is, the risk of developing a category II PU or greater
reduced by 36% with the use of prophylactic dressings
compared with the standard, no-dressing protocol. Inter-
estingly, this statistically significant risk reduction was
also conserved when a sub-analysis isolating the sacral
body location was performed, but the protective effect
was not statistically significant for the heels (and insuffi-
cient data were available for a sub-analysis of the
trochanter).

Overall, there is a small number of large RCTs in the
field of prophylactic use of dressings for PUP, the work
reviewed above; however, three of the published RCTs
investigated the prophylactic performance of the AL
dressing.19,20,33 Based on these three major RCTs, taken
together, illustrate that the use of AL in combination
with a standard PUP protocol is capable of significantly
reducing the incidence of category II and above PUs com-
pared with standard protocols alone, demonstrating that
the FEAE MOA introduced in the current work trans-
lates to clinical efficacy.

2 | METHODS

2.1 | Theory of the frictional energy
absorber effectiveness

The application of wound dressings has been shown to
be clinically effective in preventing PUs when used in
addition to the relevant nursing standard of care.19,21

Because the AL multilayer dressings (abbreviated thereaf-
ter as AL), manufactured by Smith & Nephew Limited
(Hull, UK), which are indicated for treating PUs, are also
suitable for PU prophylaxis (as will be further detailed in
the literature review section), this study aims to deter-
mine the extent by which they reduce the mechanical
energy generated by the bodyweight forces applied to the
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posterior heels. Specifically, the current focus is on exper-
imentally investigating the hypothesis that a non-
negligible part of the mechanical energy exerted on the
heel soft tissues is absorbed by frictional sliding of
the interfacing dressing layers against each other, when
the dressing is subjected to mechanical loading condi-
tions comparable with those in clinical use.

Considering the frictional force Ff ¼ μN as the prod-
uct of the COF μ and the normal force exerted by the
weight of the heel N ¼mhg, where mh is the mass of
the posterior foot and g is the gravitational acceleration,
the frictional work Wf that takes into account the rela-
tive displacements of the dressing layers di,iþ1 in fric-
tional sliding (at each interface between adjacent layers
i, iþ1) can be expressed as follow:

Wf ¼mhg
X

i
μi,iþ1 di,iþ1j j ð1Þ

In addition, the compressive work is defined as
Wc ¼mh g y, with y being the vertical compression due to
the weight of the posterior foot. An approximation of the
percentage internal energy loss in the dressing due to inter-
nal friction within the dressing, that is, the frictional energy
absorber effectiveness (FEAE) of the dressing, is defined as
the ratio of the frictional workWf (i.e., the work occurring
internally in a deformed dressing) and the compressive
work Wc (i.e., the work invested by the bodyweight force
to deform the soft tissues of the posterior heel):

FEAE %½ � ¼ 100�

P
i
μi,iþ1 di,iþ1j j

y
ð2Þ

Each of these variables in the above FEAE formula-
tion (Equation (2)) was measured empirically.

Specifically, the di,iþ1 and y values were measured by
means of a custom-made combined compression and
shear testing apparatus simulating in-use conditions for
the tested dressings. The μi,iþ1 values were measured
using an electronically controlled tilting table tribometer.
The specimens, test conditions, equipment and methods
for these measurements are described in the following
sections.

2.2 | Dressing specimens

The dressing studied here is a silicone-gel adhesive, com-
posite hydrocellular foam dressing. Depending on the
needs of the different experiments, either full dressings or
reconstituted interfaces made from plain sheets of each
contacting layers were used. The layers of interest are
referred to in this work as follows: The hydrocellular
foam (i¼ 1), the hyper-absorber with gelling fibres (i¼ 2)
and the masking/protective layer (i¼ 3), which is bonded
to the outer dressing layer and made out of a breathable
film, as shown in Figure 1. The coefficients of friction
μi,iþ1 and the dressing layer displacements di,iþ1 were
studied at the two relevant inner interfaces 1,2 and 2,3
where frictional sliding may occur. The interface of
skin and i¼ 1 is considered as fixed because layer no. 1 is
attached to the skin using a silicone-based adhesive;
therefore, their COF and relative displacements were not
measured.

In addition to the study of the internal displacements
in a commercial dressing, a comparison has been made
with a bonded dressing configuration where the layers
have been glued to the adjacent ones using a thin layer of
acrylic adhesive. This allowed assessment of the relative
contributions of sliding between the dressing layers ver-
sus the internal material shearing within each layer.

FIGURE 1 Cross-sectional

schematic view of an

ALLEVYN® LIFE dressing

applied on a heel, with a detail

showing the three inner layers of

the dressing that are relevant for

the current frictional energy

absorption effectiveness studies.
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Lastly, to account for the potential influence of the shape
of the dressing on the measured parameters, both square-
and quadrilobe-shaped dressing specimens were tested
and their data were subsequently compared. The base-
line, bonded and alternatively shaped configurations are
denoted here as L, LB and LA, respectively.

2.3 | Test conditions

To test the dressings in conditions similar to the state in
which they are worn in clinical reality, two factors were
considered: the moisture and the wear level. First, two
wear levels were studied: new (as in out-of-the-box) and
used (i.e., after being subjected to an accelerated ageing
before being tested). The used state was emulated by
applying loading cycles to simulate the repetitive shear
and compression that would be exerted by the foot
weight and the potential leg movements of a patient for
the maximum wearing duration of 1 week (for a preven-
tative application). In total, the pre-loading involved
10 loading cycles of coupled compression (exerted by a
mass of approximately 1.1 kg, as justified below) and
shear stress (up to 10 N at a speed of 50 mm/min), using
the test apparatus described in Figure 2.

Both the ‘new’ and ‘used’ measurements were taken
considering that the dressing would be slightly moist
when worn in a clinical setting. Indeed, the perspiration
rate during sleeping (450–2280 g/m2 per day)34 is lower
than the moisture vapour transfer rate of AL (1800–
2600 g/m2 per day)17,35; consequently, there can be no
substantial moisture accumulation inside the dressing in
a preventative use scenario. This was verified in a conve-
nience sample of healthy participants (N = 3): A very
low weight mass gain delta (≈0.3 g per dressing) was
measured overnight. Hence, to simulate the moisture

amount accumulated in the dressing, the dressings were
left overnight on a flat, semipermeable 1-mm-thick dense
chamois cloth, which simulates sweaty moist skin.36 This
cloth was moistened by sparsely spraying it with a 0.9%
isotonic saline solution, prepared by dissolving 9 g of
NaCl in 1 litre of distilled water. Hence, the following
combinations of conditions have been tested: ‘new &
moist’ and ‘used & moist’, the latter condition is the
most clinically relevant one as it represents the factor of
time of product usage (days to a week) for prophylactic
dressing applications.

2.4 | Testing equipment

2.4.1 | Measurements of the coefficient of
friction

The dimensionless values of the COF μ for each interface
of interest between the dressing layers were measured
using an electronically controlled tilting table tribometer,
which has been developed in-house at the Gefen labora-
tory at Tel Aviv University (Figure 3) and following an
experimental protocol reported in our previously pub-
lished work.36–38 The angle of the plate of this tilting
table is gradually and slowly increased by means of a
computer-controlled electrical motor. When the sliding
of the weight is initiated due to this gradual inclination,

FIGURE 2 Cross-sectional schematic view of the test

apparatus designed to measure the vertical compression y as well as

the internal displacements di,iþ1 under specific magnitudes of

applied compression and shear stresses in order to ultimately

calculate the frictional energy absorption effectiveness.

FIGURE 3 The electronically controlled tilting table

tribometer that has been developed in our laboratory and used for

the measurements of the coefficients of friction between the

ALLEVYN® LIFE dressing layers. A steel weight is applied on the

tested dressing layer specimen to ensure its uniform contact against

the support layer sample during the frictional sliding phase of

the test.
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an electrical switch opens instantaneously, causing the
motor to immediately stop. The angle θ of the plate, at
which frictional sliding had started, was then measured
using an inclinometer that was thoroughly calibrated at
the start of each set of experiments. The COF
μi,iþ1 ¼ tan θi,iþ1ð Þ was then calculated for each specific
interface between dressing layers.

Contact between the tested dressing layers was
ensured using a weight designed to replicate the average
pressures exerted on the dressing in-use, which are
reported to be between 15 and 25 mmHg according to
Refs. 10, 16, 39. The peak pressure applied by the heel on
a support surface can be substantially higher locally than
the above mean pressure values: When measured over a
localized, small contact area, often linked to the size of
the sensor used, reported peak pressure values may reach
200 mmHg.40,41 In order to measure the COFs under real-
istic conditions, a pressure level of 30 mmHg was chosen,
simulating a worst-case scenario where the calve does
not support a substantial bodyweight and thereby
does not reduce a considerable portion of the loading
from the posterior foot. Each tested specimen was cut
from each of the layers to fit either a circular weight or
the top plate of the tilting table tribometer, and each
measurement was obtained using a different pair of spec-
imens. Samples were conditioned to be dry/moist and
new/used using the conditioning procedures detailed
above.

2.4.2 | Compression and displacement
measurements

A novel test apparatus was designed to facilitate the opti-
cal measurements of frictional sliding displacements
between interfacing layers of the dressing under investi-
gation when subjected to realistic in-use loads. In order
to apply both a shearing force and a compressive force
simultaneously, this apparatus was composed of three
main parts: a fixed base, a sliding shearing plate and a
compression plate (Figure 2).

First, because the weight of a foot ranges from 1.29%
to 1.43% of the total bodyweight of a patient according to
Refs. 42–44 and considering an average bodyweight of
76 kg of patients at risk of developing bodyweight-related
PUs as reported in Ref. 45, the mass of a ‘typical’ foot
and hence the magnitude of the related compressive load
can be estimated to be 1.1 kg. The top plate was designed
accordingly and the resulting compressive force that it
applies on the sample was controlled using a force sens-
ing resistor (Interlink Electronics, Camarillo, California);
this force was sampled via a NI-DAQmx control unit and
a custom-made LabVIEW program (National

Instruments, Austin, TX, USA). Second, to estimate the
maximum shear force that the dressing is subjected to
during normal use, we considered that it would be the
force at which the dressing would start slipping on
the support surface. Accordingly, the external layer of the
dressing was fixed to the bottom plate, which was pulled
until the shear force reached a sufficient value to slip
against the standard cotton bedsheets that were attached
to the top plate. This slipping threshold shear value was
measured to be 6 N. Consequently, the shear force value
was dynamically measured using a load cell with a nomi-
nal range 2–2 kN ± 0.5% of accuracy, connected to an
electromechanical material testing machine (Instron
Corp., model 5944, Norwood, MA, USA) operating with
BlueHill software (Instron Corp.). The measurements
were stopped when the shear force reached the above
6 N limit. In addition to measuring the shear force
values, the compressive work of the dressing was quanti-
fied by comparing the thickness of a pre-loaded sample
subjected to a minimal weight of 70 g to only flatten its
surfaces, versus that of a sample that was loaded and
sheared to the full capacity of both the compression
and shear loads (1.1 kg and 6 N as detailed above). The
vertical compression y was then calculated for each fully
loaded dressing sample with respect to the minimally
pre-loaded samples.

The two variables of interest, namely, the internal dis-
placements at each interface di,iþ1 as well as the vertical
compression y, were extracted from videos taken using a
high-resolution digital video camera of the digital single-
lens reflex (DSLR) type (D3500, Nikon Co., Tokyo,
Japan). These video data were automatically processed
using a custom MATLAB program for digital image cor-
relation (DIC), a non-contact 2D strain measurement
method based on Ref. 46. This program converts the dis-
placements from pixels to millimetres, measures the
height of the pre-loaded and loaded dressings, tracks
the displacements of the markers in a user-defined area
(chosen in a central area of the tested dressing to avoid
border effects and to include high-contrast markers) and
translates the measured values from pixels to millimetres
using calibration values that are gauged for every set of
measurements. To gain insight into the relative internal
movements at the different dressing interfaces, each test
specimen was obtained from cutting a dressing in half.
The support-facing layer of the dressing was taped to the
weight that is vertically compressing the dressing, and
the skin-facing layer was fixed to the plate translating in
the shearing direction. Furthermore, the samples were
conditioned to be moist and either ‘new’ or ‘used’ as per
the conditioning procedures detailed above. Finally, the
cut side of the dressing faced the DSLR camera to allow
capturing the displacements of the dressing layers, and
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black markers were created by spraying paint or using a
permanent marker to create a high-contrast pattern to
facilitate the DIC optical tracking (Figure 4).

2.5 | Statistical analysis

All the above measurements were taken with a sample
size of six dressings for each configuration and condition
combination. Descriptive statistics of means and standard
deviations were calculated for all the input variables
(COFs μi,iþ1, inter-layer displacements di,iþ1 and the verti-
cal compression y) as well as for the FEAE data and pre-
sented as box plots. Then, one-way analysis of variance
followed by Tukey–Kramer pairwise comparisons were
used to identify any potential statistically significant
effects of the (new/used) dressing condition on the FEAE
and the aforementioned input variables, with the level of
statistical significance level set as p<0:05.

3 | RESULTS

The average values of the COFs μi,iþ1 measured for each
dressing interface and condition combinations are
depicted in Figure 5. No significant differences between
the new and used values were observed for μ1,2; however,
for μ2,3, there was a significant increase in the COF in the
loaded state (p<0.001).

This finding is coherent with our visual observations,
as the fibrous layer nos. 2 and 3 tended to appear less
cohesive after repetitive testing, which most likely
increased the surface roughness at the interface between
these layers. The trends of influence of the wear state on
the values of the input variables for the FEAE calcula-
tions for all three configurations are shown in Figure 5. It
is noteworthy that the relative layer displacements at the
interface 1,2 tended to be consistently greater in

the mechanically preconditioned dressing states
(Figure 6A). However, the only statistically significant
increase was for the displacement on interface 2,3 of the
baseline configuration (L) (p < 0.0001), whereas the ver-
tical compression y did not exhibit a clear tendency to
consistently increase or decrease when the dressings were
mechanically preconditioned.

The FEAE results are shown in Figure 7A. It is dem-
onstrated there that the absorption of mechanical energy
through internal frictional sliding within the dressing is
substantial with respect to the compressive energy (asso-
ciated with the bodyweight forces): On average, for all
conditions, the magnitude of the frictional sliding
accounts for more than 30% and up to �45% of the mag-
nitude of the compressive energy (which therefore con-
tributes considerably to reducing the mechanical energy
acting to distort the soft tissues of the posterior heel). In
addition, as a logical consequence of the increased inter-
layer COFs and the increased relative, interfacing layer
displacements, the FEAE increased by approximately
1.3-fold after mechanical preconditioning (repetitive
loading), indicating that there is an increase in the extent
of internal energy dissipation by inter-layer frictional
sliding in used dressings (though without statistical
significance).

Additionally, to evaluate the relative contributions of
sliding between contacting dressing layers versus internal
material shearing within each layer, a comparison was
made between baseline (commercial) dressing samples
(L) and specially-prepared (non-commercial) samples with
the layers bonded (LB). In the former, both layer material
shear and inter-layer sliding are possible, whereas in the
latter, only layer material shear deformations can lead to
apparent internal displacements within the dressing struc-
ture. Accordingly, the above relative contribution was cal-
culated as a shear/sliding ratio of the total displacement as
detailed in Table 1. These analyses revealed that a non-
negligible (≥69%) portion of the observed internal dressing

FIGURE 4 Picture of a dressing sample prepared for digital

image correlation (DIC) measurements with high-contrast black

markers. An example of a user-defined region of interest (ROI)

outlined in red dashed lines is overlaid to the picture, as well as the

two internal dressing layer interfaces in dotted lines. Each blue

cross marks a pixel in the digital image that will be tracked by

means of DIC at each frame of the video.

FIGURE 5 Standard box plot of the coefficients of friction

μi,iþ1 values for moist ALLEVYN® LIFE samples and for both new

and used dressings. *p<0.001.
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displacements is indeed due to layer-internal material
shear, which, in our case, is analogous to internal sliding
between contacting fibres in the low-density fibrous layers.

Additionally, the sliding-to-shear ratio increased
when the dressing was in its ‘used’ condition. When

comparing the baseline and the bonded dressing configu-
rations, these differences were found to be statistically
non-significant, except for the displacements between
interfaces 2 and 3 for the ‘used’ condition. This result
aligns with our visual observations, where it was noted
that inter-layer sliding tends to become easier after the
dressing was subjected to repetitive shear loading.

Lastly, to test whether there is potential influence of
the shape of the dressing on the FEAE measurements,
both square- and quadrilobe-shaped dressing samples
were tested and subsequently compared. When compar-
ing the FEAE values of either shape in one given condi-
tion to one another, none of the differences in FEAE
presented here (Figure 7B) were found to be significant
nor in any of the other intermediate variables examined.
These results suggest that the shape and size of the tested
dressings do not have a significant impact on the mea-
sured parameters, particularly the FEAE values. A
Supplementary Data section was included with this arti-
cle to provide the numerical values for all the input
parameters used for the calculations of the FEAE data for
the new/used test conditions and their variability.

4 | DISCUSSION

Etiological PU research focusing on preventing heel PUs
has highlighted that the interactions between the skin
and the underlying soft tissues of the posterior foot and
the support surface results in considerable compressive
and shear forces, which, altogether, contribute to the risk
of injury.2,3,9 Various PUP methods are available, with an
important one being the prophylactic application of mul-
tilayer wound dressings on the heels, which is the focus
of this study. Indeed, theoretically, several key mecha-
nisms grant such wound dressings their efficiency in a

FIGURE 6 Standard box plot of the internal displacements di,iþ1 (A) and (B) and compression y (C) for moist dressing samples for both

new and used dressings of all three configurations: baseline ALLEVYN® LIFE (L), alternative shape (LA) and the bonded configuration

(LB). *p<0.0001.

FIGURE 7 Standard box plot of the frictional energy

absorption effectiveness values (A) for moist ALLEVYN® LIFE

samples and for both new and used dressings, as well as for (B) the

comparison of the baseline (L) and alternatively shaped

(LA) dressings. FEAE, frictional energy absorber effectiveness.
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preventative capacity: allowing pressure distribution to
help alleviate localized peak pressures; reducing friction
between the skin and the support surface due to a low-
friction outer surface of the applied dressing; and pre-
venting moisture accumulation; and consequently, avoid-
ing excessive skin hydration that would lead to skin
fragility.10,19,21,22 This study adds to the existing literature
on PUP by means of dressings, by providing new knowl-
edge on the mechanism (also known as the MOA) of
internal energy absorption in multilayer dressing types in
which relative movement between the layers is possible.
For these dressing designs, the current work details the
bioengineering theory and provides valuable empirical
insights into the mechanism by which the forces exerted
on the soft tissues of the posterior heel are alleviated
through frictional sliding occurring within the dressing
and between its layers. A quantitative criterion allowing
to determine the effectiveness of mechanical energy
absorption within a tested dressing and an associated
new test method were further developed and named the
FEAE, to allow robust laboratory testing and comparison
of the frictional properties of different multilayer dressing
configurations under controlled and clinically relevant
conditions.

Our current findings overall demonstrated that the
internal structure and composition of the ALH dressing
efficiently absorb frictional energy, thereby mitigating
the occurrence of sustained soft tissue loading
(i.e., concentrated mechanical strains and stresses) at the
posterior heel (Figure 7). Second, to consider the range of
real-world mechanical conditions that are relevant to a
prophylactic use of the tested dressings, the effects of
usage during the wear period have been taken into
account. Based on that investigation, we have shown that
internal layer-to-layer displacements tended to be higher
for repetitively loaded (i.e., used) dressings, leading to
higher FEAE values (Figure 7A). However, the said dif-
ference did not emerge as statistically significant for our
sample size, indicating that the internal layered dressing
structure is unlikely to change (or degrade) during the
wearing period (Figure 7A). Third, the bonded layer
study allowed to prove that a significant portion of the
displacements observed between layers is due to shear
that occurs internally in the dressing as a result of layer-

to-layer frictional movements (Table 1). It is noteworthy
that the sliding-to-shear ratio increased considerably
when the dressing was tested in its used condition, that
is, post repetitive loading (Table 1). Lastly, the current
results indicated that the shape of the dressing does not
have a significant impact on the FEAE values, nor on
any of the other intermediate variables used to calculate
the FEAE (Figure 7B).

The novel method described in this study will allow
to iterate on the design of existing and prospective dress-
ings and facilitate performance comparisons in different
conditions, which are highly needed in the field of pre-
ventative dressings. This has been the main goal of the
global prophylactic dressing standards initiative (PDSI,
https://npiap.com/page/PDSI), which author AG is co-
leading.24 As highlighted by the PDSI, clinical practice
guidelines such as the NPIAP/EPUAP/PPPIA guideline
(www.epuap.org/pu-guidelines) recommend the use of
wound dressings for preventing PUs, and this has become
the standard in many medical settings worldwide. The
wound dressing industry has responded to this demand
by promoting the use of existing wound dressings for pre-
ventative purposes; however, there are two main chal-
lenges. First, none of the many clinical studies conducted
so far in this regard are able to explain how these preven-
tative effects work (simply because clinical studies are
not designed for this purpose). Second, the wound dress-
ings evaluated or marketed for PUP vary remarkably in
their materials and composition. The above issues make
it difficult for clinicians, regulators, payors and manufac-
turers to make informed decisions about how to develop,
evaluate and make purchase decisions regarding wound
dressings for preventing PUs.18 For multilayer dressings,
the FEAE should be included in a metrics of performance
that can also potentially further include durability, ther-
mal performance, moisture management and adhesive-
ness properties, as proposed by the PDSI. The current
work further provides guidance for a new type of dressing
that is not dual-purpose, that is, dressings designed solely
for PUP, for which the FEAE can be further increased
through certain design features without potentially
compromising other dressing features that are critical in
treatment of wounds (but are irrelevant in prevention),
primarily fluid handling but also antimicrobial features,

TABLE 1 Means and standard deviations of the internal displacements di,iþ1 and the relative contributions of the baseline (L) and

bonded (LB) ALLEVYN® LIFE dressing configurations for the moist condition and for both new and used dressings.

d1,2

Relative contribution

d2,3

Relative contributionL LB L LB

New 0.28 0.21 76% New 0.64 0.55 87%

Used 0.31 0.21 69% Used 1.12 0.77 69%
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for example. Prior to that, it is also worthwhile to extend
the current work to additional body parts that are suscep-
tible to PUs, in particular, the sacral region (which bears
different bodyweight forces).

In order to put the FEAE MOA into a clinical out-
come context, a literature search was conducted which
identified three relevant, major European RCTs in
which AL dressings were used as means for PUP.19,20,27

Findings from reviewing these studies indicated that the
FEAE MOA of the AL dressings translates, in fact, into
observable clinical benefits in PUP (in addition to stan-
dard PUP protocols) among different high-risk popula-
tions. It is important to note that it is extremely
challenging and expensive to power even the largest,
multicentre RCTs to detect product performance differ-
ences, but bioengineering analysis of product structure
and function, and development of theoretical framework,
such as FEAE, first identify unique MOAs, and second,
explain clinical effects. In other words, not all dressings
are created equal (either for prophylactic or treatment
usage), as they are designed and constructed differently,
and therefore, knowing and understanding MOAs and
differences in MOAs help clinicians make wiser, clinical
and cost-effective choices. Evidence-based dressing prod-
ucts should support and complement evidence-based
PUP nursing practice, to ultimately achieve optimal clini-
cal outcomes. Clinicians evaluating PUP products should
focus on the careful analysis of the quality and validity of
the supporting clinical and bioengineering peer-reviewed
literature. Continuous advocation for evidence-based
PUP products is critical; PUP of course has a price tag,
but it is a consensus in the literature that it is always
more cost-effective when compared with the alternative
of treating new PUs. The intersection of bioengineering
and healthcare sciences has paved the way for wound
care clinicians to understand how and why dressings
work for PUP objectively. This synergistic relationship
will help inform and direct future product development.
Most importantly, this multidisciplinary collaboration
will help implement PUP products that aim to improve
patient outcomes, reduce harm, pain and suffering, and
enhance the quality of life by lowering PU rates to a min-
imum. Defining MOAs and developing methods and met-
rics for quantifying the effectiveness of MOAs of
dressings used or designed for prophylaxis is a corner
stone in these efforts. In this context, the FEAE is an
important MOA in the prophylaxis action of
(AL) dressings, reported here for the first time.

A limitation of this work, which can be addressed in
a next study, is that the test apparatus does not mimic
the complex anatomy of the heel and deliberately sim-
plifies it for the robustness of the testing method and
repeatability of the results. For this reason, the work

should be complemented in the next step with a hierar-
chical computational (finite element) modelling frame-
work that will link the inter-layer sliding occurring
within the dressing to the state of loading of the soft tis-
sues of the posterior heel for different foot positions and
body postures, for example, inclined foot for a patient
who is spontaneously moving or sliding in bed due to a
head-of-bed elevation and gravity pulling their body
downwards. Such anatomically realistic in silico model-
ling of the heel has been developed and previously
reported by the research group of author AG and should
be connected with the current FEAE test method and
data for completeness, as a next step in the research.13

Another potential important next step in this line of
research can focus on thermal characterization, given
that inadequate thermal properties of dressings in pro-
phylactic use can lead to ineffectiveness in prevention or
even to promotion of tissue damage, by trapping heat
and moisture, thus creating an environment conducive to
PU formation. Our previously published work30,36,47

emphasizes the importance of understanding the thermal
behaviour of dressings in contact with skin, and specifi-
cally, the thermal conductivity analyses of dressing mate-
rials and composites, to ensure optimal heat dissipation
and effective management of the coupled moisture pro-
duction, which, when balanced with adequate mechani-
cal properties of the dressing materials,48 supports the
goal of PUP.

In conclusion, this study has shed light on the mecha-
nisms underlying the efficiency of multilayer wound
dressings in PUP. The current laboratory data demon-
strated that the non-bonded, independent layers within
the AL dressing and their ability to slide against each
other are responsible for the FEAE MOA. These dress-
ings aim to reduce sustained mechanical loading in skin
and underlying soft tissues when the heel is resting on a
support surface, thus reducing the risk for a heel PU. The
current research explained how these dressings function
in preventative use and specifically, described a new the-
ory, laboratory test method and equipment to understand
and measure mechanical energy absorption within these
dressings and assess their biomechanical protective per-
formance. Our findings revealed that the multilayer
dressing investigated here, ALH, effectively absorbs the
bodyweight-related mechanical energy, thereby alleviat-
ing the sustained loading on the soft tissues of the poste-
rior heel. We accounted for real-world conditions and
found that the dressing structure remains stable during
use. Internal frictional movements between the dressing
layers contributed substantially to the absorption of
mechanical energy within the dressing as the current
FEAE data showed, with an increased contribution after
repetitive loading. The shape of the dressing did not
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significantly impact its FEAE performance. Our novel
FEAE theory and test method aid in designing and com-
paring preventative dressings, directly addressing existing
challenges in the field as identified by the PDSI, which
highlighted that despite clinical guidelines endorsing
dressings for PUP, challenges persist due to the lack of
mechanistic understanding and variability in dressing
designs. The current work therefore contributes to opti-
mizing dressings for a dual prevention/treatment purpose
or future dressings specifically designed for prevention,
albeit further work is suggested for other PU-prone areas,
particularly the sacral region. The findings overall dem-
onstrate that the prophylactic application of the ALH
dressing effectively absorbs mechanical energy through
both material shear and layer-to-layer frictional sliding
occurring internally in the dressing, thus alleviating the
sustained soft tissue stresses on the heel. While the study
offers valuable insights into the internal energy absorp-
tion of dressings in preventative use, further research
linking these results to in silico work focusing on ana-
tomical realism of the heel region is needed, for enhanc-
ing the generalizability of the current findings.
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SUPPORTING INFORMATION
Additional supporting information can be found online
in the Supporting Information section at the end of this
article.
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